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Worldwide, habitat fragmentation, habitat loss and landscape modification are among the 
main drivers of biodiversity decline (Sala et al., 2000; Fahrig, 2003; Fischer & Lindenmayer, 
2007). Several theories try to characterize the distribution of organisms in fragmented 
landscapes (MacArthur & Wilson, 1967; Forman, 1995; Hanski, 1998; Fahrig, 2013). The 
most important one may be the theory of island biogeography (MacArthur & Wilson, 1967). 
It assumes that small or isolated islands (e.g. habitat fragments in a ‘sea’ of intensively used 
agricultural matrix) are reached by fewer immigrants coming from a hypothetical mainland 
than large or connected ones, leading to lower species richness on these islands. Due to 
stochastic events, smaller fragments also face higher species extinction rates, while larger 
ones harbour more species due to a larger variety of habitat niches and greater apparency for 
dispersers (MacArthur & Wilson, 1967; Lomolino, 2000; Losos & Ricklefs, 2010). However, 
in fragmented landscapes a “mainland” is not necessarily present but only a set of larger and 
smaller fragments. These subdivide the so-called metapopulation of a species into 
subpopulations (Levins, 1970; Hanski, 1998), characterised by more or less frequent 
exchange between habitat fragments and recolonisations after stochastic extinction events. 
Decreasing habitat connectivity implies that a habitat fragment is surrounded by fewer, 
smaller and more distant neighbouring fragments (Hanski et al., 2000). 
The type of landscape in between fragments (“matrix”) is crucial, since it may either 
facilitate or hinder the dispersal of organisms (Ewers & Didham, 2006; Prugh et al., 2008). 
Some types of matrix are more permeable for organisms than others and may be used as 
alternative habitat during dispersal or as alternative source of resources (Baum et al., 2004; 
Eycott et al., 2012; Öckinger et al., 2012). Arable land used for the production of annual crops 
is the matrix type that experiences the highest levels of disturbance and that displays the most 
unnatural habitat characteristics. Consequently, it is assumed to be the least permeable and 
most unwelcoming habitat type for dispersing and resident organisms as well as for organisms 
temporarily foraging there (Tscharntke et al., 2012). The percentage of arable land in a 
landscape has therefore been used as a measure for landscape complexity in numerous studies 
(e.g. Gagic et al., 2011; Rösch et al., 2013).  
However, the way habitat fragmentation and the composition of the surrounding matrix 
are perceived is highly species specific and depends on a species’ habitat specialisation and 
mobility (Fischer & Lindenmayer, 2007). In contrast to generalist species, specialist species 
depend on the resources within a certain habitat type (e.g. for foraging, reproduction or 
nesting) and are unable to use the surrounding matrix (Henle et al., 2004; Ewers & Didham, 
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2006). In addition, mobile species, e.g. insects with strong flight abilities, will have less 
difficulty in bridging the gap between habitat fragments than less mobile or sedentary species. 
Mobile species are therefore likely to be less severely affected by habitat fragmentation 
(Jenkins et al., 2007; Sekar, 2012). 
This thesis focuses on the effects of fragmentation on plants and invertebrates on 
calcareous grasslands, which are among the most species rich habitats in Central Europe, 
displaying an extraordinarily high diversity in specialised xero- and thermophilic plants and 
invertebrates (van Swaay, 2002; Boschi & Baur, 2008; Stoll et al., 2009; Ellenberg & 
Leuschner, 2010, Fig. 2, Fig. 3a,b,c). Originally, this type of grassland only occurred on rocky 
outcrops and other sites with shallow soils that made the growth of trees impossible 
(Wilmanns, 1993). Since the majority of today’s calcareous grasslands have been developed 
through traditional land-use forms like grazing or mowing on sites that would naturally be 
covered by forest, they have to be considered as semi-natural (Hejcman et al., 2013).  
Today, only a fraction of their historical extent remains (Riecken et al., 1994; WallisDeVries 
et al., 2002). For example, in the Swabian Alb in southern Germany more than 70 % of the 
calcareous grasslands that were present in the year 1900 have disappeared (Mattern et al., 
1992). The main causes of their massive decline over the past century are changes in land use 
practices: on the one hand direct destruction due to the conversion to arable land or 
intensification through fertilisation, and on the other hand abandonment of traditional 
management and subsequent shrub encroachment (WallisDeVries et al., 2002). Furthermore, 
the cessation of transhumance shepherding has lead to isolation of fragments since large 
numbers of diaspores used to be transported by sheep (Poschlod & WallisDeVries, 2002). 
Fischer et al. (1996) reported up to 8500 diaspores from 85 plant species per sheep. 
Nevertheless, long-lived organisms like many plant species are able to persist for a longer 
period of time in fragmented, isolated habitats than short-lived organisms like most 
invertebrates, creating a so-called extinction debt that mirrors historical circumstances 
(Tilman et al., 1994; Piqueray et al., 2011). This makes it makes species’ responses to the 
surrounding landscape more complicated to investigate. 
In the study area (southern Lower Saxony in Central Germany, districts of Göttingen 
and Northeim, 51.5°N, 9.9°E), an area characterised by intensive agriculture (mainly cereals 
and fertile meadows), there are still more than 200 fragments of calcareous grassland, the 
majority of them smaller than 1 ha (Fig. 1). However, many of them – the small ones in 
particular – are in an unfavourable condition due to cessation of management by grazing or 
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mowing and subsequent shrub encroachment and an increasing dominance of Brachypodium 
pinnatum or Bromus erectus (pers. obs.).  
 
 
Fig. 1. Size distribution of calcareous grassland fragments in the study area. 
 
Studies on calcareous grasslands in the area have shown a positive relationship between 
the species richness and abundance of butterflies, hoverflies and bees and landscape 
composition and as well as between species richness and habitat area (e.g. Krauss et al., 2003; 
Meyer et al., 2007).  
Here, we study the effects of fragment size, habitat connectivity, landscape composition 
and local management on a broad range of organisms: plants, bees, butterflies, true bugs, 
leafhoppers, spiders, grasshoppers, rove beetles, hoverflies and snails (excluding slugs). 
Furthermore, we use plant species richness as a measure of resource availability. Many of the 
above mentioned taxa have only rarely or never been studied in this context (Biedermann, 




In the context of the conservation challenges of calcareous grasslands, this thesis addresses 
the following questions: 
• How does habitat fragmentation affect species richness, abundance and community 
composition of plants and invertebrates on calcareous grasslands?  
• Are species richness, abundance and community composition of plants and 
invertebrates linked to fragment size?  
• Do connectivity and the composition of the surrounding landscape have an effect on 
species richness, abundance and community composition?  
• Are specialist species more severely affected than generalist species?  
• Do different taxa react differently to fragmentation and landscape modification?  





Fig. 2. Close-up views of calcareous grasslands in the study area in June. Top: calcareous grassland with Bromus 




Fig. 3a. Specialist plants and invertebrates on calcareous grasslands in the study area: Setina irrorella, Potentilla 
neumanniana, Gentianella germanica, Linum leonii, Ophrys insectifera, Papilio machaon, Antennaria dioica, 





Fig. 3b. Specialist plants and invertebrates on calcareous grasslands in the study area: Viola hirta, Platanthera 
chlorantha, Polygala comosa, Zygaena filipendulae, Hieracium pilosella, Orchis tridentata, Pimpinella 




Fig. 3c. Specialist plants and invertebrates on calcareous grasslands in the study area: Veronica teucrium, 
Polyommatus icarus, Silene nutans, Callophrys rubi, Hippocrepis comosa, Briza media, Helicella itala, Salvia 






Chapter 2: Landscape composition, connectivity and fragment size drive effects of grassland 
fragmentation on insect communities 
This chapter explores the effects of fragment size (large or small), habitat connectivity and 
landscape composition on leafhopper communities in calcareous grasslands. We found that 
increasing habitat isolation reduced leafhopper species richness in simple (dominated by 
arable crops), but not in complex landscapes. Surprisingly, this effect was driven by generalist 
species. Moreover, we found that generalist species richness increased with increasing 
connectivity on small fragments, whereas it remained stable on large fragments. Finally, we 
found a steeper increase in generalist species richness with increasing plant species richness 
on connected than on isolated fragments, suggesting that more colonisers reach connected 
fragments and can subsequently use the available plant resources.  
Our results show that insect biodiversity on fragmented calcareous grasslands does not 
depend only on habitat connectivity, but that it is interactively affected by the four factors 
habitat connectivity, landscape composition, habitat area and plant species richness. Isolated 
fragments that are either small or located in simple landscapes are less likely to receive 
immigrants after extinction events, leading to a gradual reduction in species richness over 
time. These patterns should not only apply to leafhoppers but to other insect groups as well 
(e.g. true bugs).  
The results of Chapter 2 therefore stress that mitigating the negative effects of habitat 
fragmentation needs to take the surrounding landscape into account. Management should be 
prioritised towards increasing the connectivity of small, isolated fragments, of fragments in 
simple landscapes and towards management efforts that enhance dispersal by increasing the 
heterogeneity of both landscape composition and configuration. 
 
Chapter 3: Biodiversity conservation across taxa and landscapes requires many small as well 
as single large habitat fragments 
This chapter aims at contributing evidence to the resolution of the so-called “SLOSS”-debate 
(“Single Large Or Several Small”). In this manuscript, we test the hypothesis that both several 
small as well as single large habitat fragments in different landscape types contribute to 
biodiversity conservation. For the first time, we explore the relative importance of small vs. 
large habitats for overall species richness, richness of generalist vs. specialist species and for 
each species separately across four taxa (plants, leafhoppers, true bugs and snails) and in a 
landscape context. We found that species richness was substantially higher on several small 
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fragments than on one or two large fragments of equal total size. However, community 
composition of large and small fragments differed and some of the rarest specialist species 
appeared to be confined to large fragments. The composition of the landscape surrounding the 
fragments only played a subordinate role for species richness and community composition but 
we found that true bug species richness, much like leafhopper species richness (Chapter 2), 
increased with increasing plant species richness on connected but not on isolated fragments. 
The results of Chapter 3 therefore question the focus on either small or large fragments 
and call for a new intermediate habitat fragmentation strategy for biodiversity conservation 
since the protection of both single large and many small fragments is mandatory to sustain 
overall biodiversity. We hereby highlight the importance of thorough reconsideration of 
conservation measures in fragmented landscapes worldwide. 
 
Chapter 4: Local and landscape management affects trait-mediated biodiversity of nine taxa 
on small grassland fragments  
The fourth chapter examines the effects of landscape composition, habitat connectivity and 
local management (grazing, mowing or abandonment) on the species richness, community 
composition and trait-based responses (body size and Red List status) of nine taxa (plants, 
butterflies, bees, grasshoppers, hoverflies, spiders, true bugs, rove beetles and leafhoppers) on 
small fragments (<1 ha) of calcareous grassland. We found a negative effect of an increasing 
percentage of arable land in the surroundings of the fragments. It led to a 29 % loss of overall 
species richness. We assume that landscapes dominated by arable land offer less alternative 
habitat and resources for foraging or during migration, resulting in lower species richness. 
Habitat connectivity generally enhanced species richness across all taxa. This was more 
accentuated in the large species per taxon, which can be expected to be good dispersers. For 
small-bodied species, fragmentation in the study area may already be too great. Finally, 
grazing reduced species richness and abundance much more than mowing (once a year) or 
abandonment (for 5-15 years), in particular of red-listed species, presumably due to the 
greater damage caused, removing food resources for phytophagous insects. Furthermore, each 
of the three management types resulted in a different community composition of all taxa. 
Therefore, the preferential management strategy for small fragments of calcareous grassland 
should be an alternation between mowing and short-term abandonment combined with a 
diversification of the surrounding landscape. 
Once again, the results of Chapter 4 stress the importance of the surrounding landscape 
for the conservation of plant and invertebrate communities on fragmented calcareous 
 
12 




The results of the three studies show that the four factors fragment size, management, 
connectivity and landscape composition play a crucial role for species richness, abundance 
and community composition of plants, arthropods and snails living on calcareous grasslands.  
The first study demonstrates that the influence of connectivity is different for large and 
small fragments of calcareous grassland and for fragments in simple and in complex 
landscapes, implying that landscapes should be diversified and that fragment sizes should not 
be decreased any further. The second study emphasises that even though less area is needed in 
order to reach a high number of species when focusing on small fragments, both large and 
small fragments are required to preserve full species diversity across taxa, since their 
community composition differs and the rarest specialists are confined to large fragments. 
Finally, the third study shows that the three management types grazing, mowing and 
abandonment result in differences in species richness, abundance and community 
composition. For organisms living on small fragments, the composition of the surrounding 
landscape is as important as connectivity between fragments.  
Overall, we conclude that the widespread focus on large habitat fragments should be 
reconsidered, leading to the conservation of both large and small habitat fragments. When 
planning conservation measures for fragmented grassland habitats, a focus on local factors 
like fragment size and management is important but insufficient: landscape factors including 
habitat connectivity and landscape complexity need to be taken into account to ensure the 
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1. Calcareous grasslands are among the most species rich habitats in Europe, but are 
increasingly threatened due to abandonment and fragmentation. Little is known about how the 
surrounding landscape influences fragmentation effects. Here we focus on the interaction 
between habitat fragmentation and landscape composition on leafhoppers, a highly diverse 
group of insects, including many species that are likely to be vulnerable to changes in their 
environment.  
2. We selected 14 small and 14 large fragments of calcareous grassland in central Germany, 
differing in isolation from other calcareous grasslands and composition of the surrounding 
landscape. Leafhoppers, sampled by sweep netting, were either specialists that depended on 
calcareous grasslands or generalists that could use the landscape matrix, but still required low-
productivity habitats. 
3. Increasing habitat isolation reduced leafhopper species richness in simple (dominated by 
arable crops), but not in complex landscapes. This effect was driven by the generalist species. 
In simple landscapes, leafhoppers may find it more difficult to reach the next suitable 
fragment due to a lack of alternative resources during dispersal.  
4. Moreover, we found that generalist species richness increased with increasing connectivity 
on small fragments, whereas it remained stable with increasing connectivity on large 
fragments. In small, isolated fragments, a higher extinction rate combined with a lower 
probability of recolonisation is thought to cause the reduced species richness.  
5. Synthesis and applications. Our results show for the first time that insect species richness 
can be negatively affected by increasing habitat isolation in simplified but not in complex 
landscapes, and in small but not in large fragments. We provide evidence that mitigating the 
negative effects of habitat fragmentation needs to take the surrounding landscape into 
account. Management efforts should prioritise (i) an increase in connectivity of small, isolated 
fragments, (ii) an increase in connectivity of fragments in simple landscapes and (iii) enhance 
dispersal by increasing heterogeneity of both landscape composition and configuration. 
Moreover, extensive management of fragments by grazing or mowing to increase local habitat 
quality for leafhoppers would benefit other insect groups as well. 
 
Keywords: Auchenorrhyncha, connectivity, generalists, Germany, herbivores, isolation, 





Habitat fragmentation, habitat loss and landscape modification are the main drivers of 
biodiversity loss (Sala et al., 2000; Fahrig, 2003; Foley et al., 2005; Fischer & Lindenmayer, 
2007). In Central Europe, semi-natural calcareous grasslands harbour an exceptional diversity 
of organisms, including plants (Ellenberg & Leuschner, 2010), insects (van Swaay, 2002; 
Krauss et al., 2003) and snails (Boschi & Baur, 2007). Unfortunately, since the onset of 
agricultural intensification and the abandonment of historic land use practices like extensive 
grazing (Poschlod & WallisDeVries, 2002) a large part of this highly diverse habitat type has 
been lost (for Germany: Riecken et al., 1994). For example in the Swabian Alb in southern 
Germany more than 70 % of the calcareous grasslands that were present in the year 1900 have 
disappeared (Mattern et al., 1992). Therefore, connectivity of the remaining sites has been 
reduced dramatically. For example, floral connectivity has decreased due to the abandonment 
of transhumance shepherding, which ensured the dispersal of plant propagules (Poschlod & 
WallisDeVries, 2002). Long-lived organisms like plants are able to persist for a longer period 
of time in fragmented, isolated habitats than short-lived organisms like most invertebrates 
(“extinction debt”, Tilman et al., 1994; Piqueray et al., 2011). All these changes in 
management pose a severe threat for the specialised plant and invertebrate species confined to 
calcareous grasslands (Fischer & Stöcklin, 1997; Niemelä & Baur, 1998).  
According to the theory of island biogeography, the species diversity of islands is 
determined by both extinction and immigration. Island habitats that are more isolated – in this 
case fragments of calcareous grassland in a ‘sea’ of intensively managed agricultural matrix – 
are less likely to receive immigrants from other islands. Smaller islands have a lower 
probability of receiving immigrants than larger ones and face higher extinction rates due to 
stochastic events (Whittaker, 1992), while larger islands harbour more species due to larger 
variety of (micro)habitats and enhanced apparency for dispersers. It nevertheless needs to be 
kept in mind that considering habitat fragments as surrounded by an entirely hostile matrix 
may be an oversimplification (Debinski, 2006; Ewers & Didham, 2006; Prugh et al., 2008). 
Eycott et al. (2012) and Öckinger et al. (2012) showed that different matrix types can either 
facilitate or hinder migration of organisms. 
Within the study area (District Göttingen, Lower Saxony, Germany) there are still 
supposed to be more than 200 fragments of calcareous grassland. However, they only cover 
about 0.3 % of the area and frequently are of low quality due to a lack of management (pers. 
obs.). In the area there have been studies on butterflies, hoverflies and bees of calcareous 
grasslands (Krauss et al., 2003; Meyer et al., 2007), showing a positive relationship between 
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habitat area and insect diversity as well as a positive effect of landscape diversity on both 
species richness and abundance. 
In this study we focus on the effects of three landscape parameters: habitat area (large 
vs. small fragments), connectivity (measured by a connectivity index described by Hanski et 
al. (2000) and landscape composition (represented by the amount of arable land within a 500 
m buffer around each site). Additionally, we use plant species richness as a surrogate for 
habitat quality and resource availability.  
As study organisms we chose leafhoppers, planthoppers and froghoppers 
(Auchenorrhyncha, hereafter referred to as leafhoppers), a very diverse group of plant sucking 
insects highly influenced by vegetation structure and composition (Nickel, 2003). They 
include many specialist species that can be hypothesised to sensitively react to changing 
landscapes and fragmentation (Biedermann et al., 2005; Littlewood et al., 2012).This study is 
the first to test how habitat area, connectivity, and landscape composition interactively affect 
insect species richness (with a focus on leafhopper communities). We hypothesised that (1) 
there are fewer leafhopper species on isolated fragments than on connected ones, (2) 
increasing amount of arable land surrounding the fragments negatively influences leafhopper 
species richness, and (3) leafhopper species richness is higher on larger fragments (Tscharntke 
et al., 2012). (4) Specialist species are hypothesised to be more severely affected by 
decreasing connectivity and landscape compositional heterogeneity (i.e. increasing proportion 
of arable land) than generalists. This study has wider implications for other taxa with 
relatively low mobility since they can be expected to be affected by the landscape variables in 
a similar way. 
 
Materials and methods 
Study area 
The study area was located in the vicinity of the city of Göttingen in southern Lower Saxony 
in central Germany (51.5°N, 9.9°E). The landscape is characterised by intensively managed 
agricultural areas with a dominance of cereal and rape fields and fertile meadows, 
interspersed with forests on hilltops and patchily distributed fragments of semi-natural 
habitats like calcareous grasslands, belonging to the plant association Mesobrometum 
erecti Koch 1926 (Ellenberg & Leuschner, 2010). These grasslands are frequently located on 
steep slopes and are managed by mowing or grazing with sheep, goats, cattle or horses. Many 





By analysing digital maps (ATKIS-DLM 25/1 Landesvermessung und Geobasisinformationen 
Niedersachsen 1991–1996, Hanover, Germany) with the geographical information system 
ArcGIS 10.0 (ESRI Geoinformatik GmbH, Hanover, Germany) and subsequent extensive 
field surveys in the study area, we selected 14 small (0.1–0.6 ha) and 14 large (1.2–8.8 ha) 
fragments of calcareous grassland (for an overview of the study area see Appendix S1) along 
two orthogonal gradients: a landscape composition gradient, i.e. an increasing percentage of 
arable land within a radius of 500 m around the fragments (27–77 %, mean = 47 %), and a 
habitat connectivity gradient, measured by a connectivity index described by Hanski et al. 
(2000):  
 CIi = exp( – αdij)Aj
β 
Aj is the area of the neighbouring fragment j (in m
2
) and dij is the edge to edge distance (in m) 
from the focal fragment i to the neighbouring fragment j. α is a species specific parameter 
describing a species’ dispersal ability and β is a parameter that describes the scaling of 
immigration. Since we applied the connectivity index to an entire community, both scaling 
parameters α and β were set to 0.5. The values of the connectivity index varied between 20 
and 849 (mean = 244), with large values indicating high levels of connectivity. All calcareous 
grassland fragments within a radius of 2000 m around each study site were taken into account, 
to assure that for every fragment the connectivity index was greater than zero. In addition we 
measured the edge to edge distance to the nearest neighbouring fragment for each study 
fragment, which ranged from 30 to 1900 m. In order to be classified as separate, there had to 
be a distance of at least 30 m from the focal fragment to the nearest one. If the nearest 
fragment was smaller than 0.1 ha, the next nearest fragment larger than that was used. Both 
connectivity measures were strongly correlated (Spearman correlation, rho= 0.78, S = 6501.6, 
P < 0.001). 
It was difficult to select fragments of similar quality, because management differed 
from fragment to fragment. Some were grazed, whereas on others, management had been 
abandoned. If fragments were mown, this could happen at different times throughout the 
season, although never before the first sampling, i.e. the beginning of June. Fragments that 
were managed for the conservation of rare plants (orchids in particular) were not cut before 
August to ensure that the seeds could fully ripen. In order to assure that the fragments 
exhibited the characteristics of calcareous grasslands, we only included fragments that 
harboured more than ten of the plant species that are typical for calcareous grasslands in the 
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study area (Krauss et al., 2003). We did not try to avoid differences in habitat quality and 




Leafhoppers were sampled by sweep netting (Heavy Duty Sweep Net, 7215HS, BioQuip, 
diameter: 38 cm) on six randomly distributed transects with homogeneous vegetation per 
fragment (20 sweeps each, i.e. 120 sweeps in total) in dry weather on three occasions in 2010 
(at the beginning of June, at the end of July and at the beginning of September). Transects 
were approximately 10 m long, and were at least 3 m away from each other within a fragment.  
The specimens caught were transferred into alcohol (70 % vol.) and identified to species 
level in the laboratory using Biedermann & Niedringhaus (2004) and Kunz et al. (2011). 
Specimens of species with woody host plants were excluded, except when saplings of a 
potential host tree were present on the transects. Otherwise it was assumed that they had been 
dislodged from their host tree by wind. If the species’ larvae used herbs or grasses as host 
plants and only the imagines fed on trees, specimens were included in the analysis.  
The identification to species level of female specimens of several genera is not possible 
(e.g. Ribautodelphax, Anaceratagallia, Psammotettix) (Biedermann & Niedringhaus, 2004; 
Kunz et al., 2011). Thus, if male specimens were present, female specimens were assumed to 
belong to the same species. If not, they were only identified to genus level. If males of more 
than one species of a genus were present, the number of females was assumed to mirror that 
of males.  
All leafhopper species were classified into habitat specialists and generalists according to (i) 
their specific habitat requirements typical for calcareous grassland (i.e. warm and dry habitat 
conditions, short, grazed swards, open soil) and (ii) diet preferences (i.e. utilising plants that 
exclusively occur on calcareous grasslands) based on Nickel & Remane (2002) and Nickel 
(2003). A species was classified as a habitat specialist when conditions (i) and/or (ii) were 
fulfilled; it was classified as a generalist when neither (i) nor (ii) were fulfilled. 
 In addition, they were subdivided according to their ability to fly, i.e. the length of their 
wings, with Biedermann & Niedringhaus (2004). If a species was wing dimorphic, i.e. it could 
be both long and short winged, the predominant wing type was used for categorisation. 
At the beginning of June the vegetation (only vascular plants) of each transect was 
recorded in botanical plots (one 1 x 5 m plot per transect) according to Wilmanns (1993). 
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Plant species identification and nomenclature follow Seybold (2009). The plant species were 
subdivided into habitat specialists and generalists according to Krauss et al. (2003). 
 
Statistical analyses 
Both leafhopper and plant species richness of the six transects per fragment were summed up. 
The leafhoppers were also summed over the three sampling occasions. Statistical analyses 
were conducted with R, version R 2.15.1 (R Development Core Team 2012). 
For analysis of overall leafhopper species richness and species richness of specialist and 
generalist leafhoppers we used generalised linear models using Poisson errors with the 
following explanatory variables: (1) the percentage of arable land in a 500 m buffer around 
each fragment, (2) fragment size (in ha, taken as a factor, either ‘large’ or ‘small’), (3) habitat 
connectivity, measured by a connectivity index described by Hanski et al. (2000) (log10-
transformed to achieve a better fit of the models), and (4) plant species richness per site. The 
explanatory variables were essentially uncorrelated (Table S1).  
In the full models two way interactions between all the explanatory variables were 
included. For all three models we performed an automated stepwise model selection by AIC 
(function ‘stepAIC’ in the package ‘MASS’ (Venables & Ripley, 2002)). In all analyses there 
was no indication of overdispersion. 
 
Results 
In the 28 fragments of calcareous grassland we found 77 leafhopper species (Table S2), from 
65 genera with 7073 adult specimens (with 3454 specimens caught on the small sites and 
3619 specimens caught on the large sites), representing 13 % of the German leafhopper fauna 
(Biedermann & Niedringhaus, 2004; Kunz et al., 2011). Species richness ranged from 14 to 
31 species per fragment (Table S2, S3). Separation into habitat specialists and generalists 
resulted in 29 specialist and 48 generalist species. The four most abundant specialist 
leafhopper species were Turrutus socialis (18.3 % of total abundance), Doratura stylata 
(8.5 %), Adarrus multinotatus (7.5 %), and Neophilaenus albipennis (3.5 %). The four most 
abundant generalist species were Arocephalus longiceps (5.7 %), Philaenus spumarius 
(5.1 %), Mocydia crocea (4.1 %) and Verdanus abdominalis (3.2 %) (Table S2). In the 
botanical surveys we recorded 167 plant species from 123 genera, comprising 65 specialist 
and 102 generalist species (including 22 tree and shrub species as saplings), with a minimum 








In the analysis of overall leafhopper species richness we found an interaction between 
habitat connectivity and landscape composition. An increase in habitat isolation caused a 
reduction in leafhopper species richness in simple (high percentage of arable land), but not in 
complex landscapes (low percentage of arable land) (Table 2, Fig. 1a). Subsequent analysis of 
generalist and specialist leafhopper species richness separately revealed that this interaction 
was driven by the generalist leafhoppers (Table 2, Fig. 1b). The latter showed the same 
pattern as the overall species richness. The generalist leafhoppers showed an additional 
interaction: species richness on small fragments increased with increasing habitat 
connectivity, whereas it remained stable on large fragments (Table 2, Fig. 1c). There was an 
increase in generalist species richness with increasing plant species richness on both isolated 
and connected fragments. This increase, however, was steeper on connected fragments (Fig. 
1d). Specialist leafhopper species richness was not affected by connectivity, landscape context 
or fragment size. Generalist species richness per site was highly correlated with the number of 
long winged (macropterous) species (Pearson correlation, r = 0.83, t = 7.58, d.f. = 26, P < 
0.001), while the same was true for specialist species richness per site and short winged 
(brachypterous) species (Pearson correlation, r = 0.61, t = 3.93, d.f. = 26, P < 0.001). 
  
Small Large
Leafhopper SpR 22.9 ± 1.2 22.4 ± 1.6
     specialists       8.6 ± 0.8       9.5 ± 0.9
     generalists 14.2 ± 1.2 12.9 ± 1.0
Leafhopper abundance 246.7 ± 22.5 258.5 ± 29.3
     specialists 138.6 ± 18.1 160.8 ± 23.5
     generalists 108.1 ± 19.4   97.7 ± 20.7
Plant SpR 47.6 ± 3.3 55.1 ± 1.7
     specialists 23.8 ± 2.1 28.8 ± 1.1
     generalists 23.8 ± 2.0 26.3 ± 2.0
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Fig. 1. Interaction plots showing the relationship between (generalist) leafhopper species richness (y-axis) and 
the landscape parameters (x-axis). Effect of habitat isolation (measured by a connectivity index (Hanski et al., 
2000), log10-transformed) on a) leafhopper species richness and b) generalist species richness in conjunction with 
landscape composition (Complex: 27–46 % arable land, Simple: 47–77 % arable land). c) Effect of habitat 
isolation on generalist leafhopper species richness in conjunction with fragments type (Small: 0.1–0.6 ha, Large: 
1.2–8.6 ha). d) Effect of plant species richness on generalist leafhopper species richness in conjunction with 
habitat isolation (Isolated: values of the connectivity index from 19–155, Connected: values from 180–849). The 
dashed lines show mean squares fits (for illustration). The graphs were made with the lattice package (Sarkar, 

































































































































































































































































































































































































































































































































































































































































































































In this study we found that generalist but not specialist leafhoppers are interactively affected 
by connectivity, landscape composition (complex or simple) and fragment size (large or 
small). Generalist leafhopper species richness increased with decreasing isolation in simple 
but not in complex landscapes and on small but not on large fragments.  
 
Habitat isolation 
According to our results we assume that the specialists persist on the fragments of calcareous 
grassland without much exchange between them, especially since many species have limited 
dispersal abilities due to their short wings. Therefore they do not seem to be affected by 
decreasing connectivity. In accordance with this result, Schuch et al. (2012) found no 
decrease in leafhopper species richness (but a marked decrease in abundance) in protected dry 
grasslands in Eastern Germany over the last 50 years.  
Generalist leafhoppers can be assumed to move more between fragments, especially 
since they are more likely to be long-winged than specialists. However, the dispersal abilities 
of macropterous leafhoppers seem to be species dependent. In a mark and recapture 
experiment, Biedermann (1997) found that the froghopper Neophilaenus albipennis, even 
though able to fly, rarely moved more than 20 m from the original point of capture. Other 
leafhopper species are able to fly and bridge greater distances, or get passively dispersed by 
air currents (Waloff, 1973; Nickel, 2003). 
Despite being referred to as generalists here, a large proportion of the species recorded 
in this study require low-productivity habitats, i.e. they cannot cope with the conditions that 
prevail in today’s intensified agricultural landscapes. Only few species are able to breed in 
arable fields or intensified meadows and pastures, colonising them anew every year (Nickel, 
2003). This leads to the assumption that calcareous grasslands are an important refuge for 
many leafhopper species, regardless of their degree of specialisation. So where fragments of 
calcareous grassland are few and scattered, even these generalist species are likely to find it 
difficult to locate and subsequently colonise the next suitable fragment, explaining the 
decrease in generalist species richness with decreasing connectivity.  
 
Landscape composition 
Increasing isolation caused a decrease in both overall and generalist leafhopper species 
richness in simple (high percentage of arable land) but not in complex landscapes. In simple 
landscapes, leafhoppers may find it difficult to reach the next suitable site, being unable to 
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find suitable alternative resources or habitats with a similar vegetation type or structure during 
dispersal. Similar to our results, Baum et al. (2004) found that dispersal of the planthopper 
Prokelisia crocea depended on the surrounding matrix habitat (pure stands of Bromus inermis 
vs. mudflat). These contrasting matrices may be comparable to arable fields vs. more natural 
habitats. This implies that the permeability of simple landscapes dominated by arable land 
may be reduced compared to more complex landscapes (Eycott et al., 2012). The reduced 
permeability of the matrix may become more problematic with increasing distance between 
suitable habitat fragments, and may explain the reduction in leafhopper species richness with 
decreasing connectivity in simple landscapes. 
 
Fragment size  
We found that generalist species richness increased with decreasing isolation in small but not 
in large fragments. In small fragments, a higher extinction rate due to stochastic effects in 
combination with a lower probability of recolonisation with increasing isolation may cause 
the decline in generalist species richness (Hanski et al., 2000). Recolonisation of larger 
fragments is more probable (for a beetle species see Matter, 1996), and fewer extinctions 
occur. Cronin (2003) found that immigration of the planthopper P. crocea into host plant 
patches decreased with decreasing patch size. Nevertheless, since distances between habitat 
patches were much lower (up to 50 m) than in this study, immigration was not limited by 
increasing isolation.  
In contrast to our results, Krauss et al. (2003) and Meyer et al. (2007) found a strong 
positive relationship between fragment size and species richness of butterflies, hoverflies and 
bees. Butterflies as well as hoverflies and bees have more complex habitat and resource 
requirements than leafhoppers. This appeared to be the reason why they need larger habitat 
fragments. Resource requirements of butterflies and bees change during their life cycle: adult 
butterflies feed on nectar, whereas the caterpillars feed on plant tissue (Ebert & Rennwald, 
1991). Bees require nectar and pollen, both as food for themselves and to provision their 
brood cells, they need hollow or pithy plant stems, empty snail shells or cavities in the ground 
as nesting sites and nesting material like leaves, clay, small stones and plant resin (Westrich, 
1989). In other words, they need different resources that are often spatially separated. In 
contrast, leafhoppers lay their eggs directly onto the host plant and all life stages feed on plant 
sap, which is an ample resource throughout the growing season (Nickel, 2003). This life 
history strategy enables them to potentially stay on the same plant stem for all their life, which 
is likely to reduce the minimum fragment size required for persistence. Thus, the threshold for 
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a decrease in generalist species richness with fragment size alone might not have been 
reached within the range of fragment sizes chosen for this study (smallest fragment: 0.1 ha). It 
seems that many leafhopper species are able to cope with small fragment sizes as long as a 
sufficient amount of their host plant is present. 
This is in accordance with Biedermann (1997) who showed a clear but species-
dependent relationship between host plant patch size and the occurrence of three leafhopper 
species. So if a dispersing individual reaches the next fragment but the host plant patch is too 
small – which is more likely to be the case in small fragments – it will not be able to establish 
a stable population there, causing the lower species richness of specialists on small fragments 
we observed in this study. 
Usually, a focus on large fragments is recommended (e.g. Krauss et al., 2003) but 
according to our results, both large and small fragments deserve to be maintained since at 
least for generalist leafhoppers we found no generally negative effect of small fragment size, 
but only in combination with decreasing connectivity. 
 
Plant species richness  
Generalist leafhopper species richness increased with plant species richness on both 
connected and isolated fragments, but the increase was more pronounced on the connected 
ones. As mentioned above, leafhoppers live in close association with their host plants (Nickel, 
2003), spanning from strictly monophagous to highly polyphagous species (Nickel & 
Remane, 2002). Host plants provide feeding resources, shelter and oviposition sites and are 
also used for the transmission of bioacoustic signals (Nickel, 2003). We therefore assume that 
the more plant species occur per site, the more leafhopper species can occur since the 
appropriate host plant for more species will be provided. This finding is in accordance with 
Siemann et al. (1998) and Scherber et al. (2010) who found an increase in herbivore diversity 
when the number of plants in their experimental setups increased. So even if suitable plant 
resources are available, isolated fragments are less likely to be colonised than connected ones, 
resulting in an increase in leafhopper species richness with plant species richness that is less 
steep than the one on connected fragments. 
 
Conclusion 
Our results are the first to show that insect biodiversity on fragmented calcareous grasslands 
not only depends on habitat connectivity but that it is interactively affected by the four factors 
habitat connectivity, landscape composition, habitat area and plant species richness. Isolated 
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fragments that are either small or located in simple landscapes are less likely to receive 
immigrants after extinction events, leading to a gradual reduction in species richness over 
time. These patterns should not only apply to leafhoppers but to other insect groups as well. 
Mitigating the negative effects of habitat fragmentation therefore needs to take the 
surrounding landscape into account. Management should be prioritised towards increasing the 
connectivity (i) of small, isolated fragments, (ii) of fragments in simple landscapes and (iii) 
towards management efforts that enhance dispersal by increasing heterogeneity of both 
landscape composition and configuration. Moreover, extensive management of fragments by 
grazing or mowing, both relatively late in the season, to increase habitat quality for 
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Appendix S1. Location of the 28 grasslands, with the city of Göttingen in the centre of the map. Large 






Table S1. Correlations between explanatory variables (Spearman’s rho). If |rho| ≥ 0.6, a strong correlation 
between two variables can be assumed. Distance: the distance (in km) to the nearest neighbouring fragment, 
Conn. Index: a connectivity index described by Hanski et al. (2000), % arable: landscape composition, i.e. the 
percentage of arable land within a 500 m buffer around each fragment, Plant SpR: plant species richness per 
fragment, Fragment type: small or large fragment, Fragment size: Size of the fragments in ha. 
 
Distance Conn. Index % arable Fragment size Fragment type
Distance
Conn. Index -0.78
% arable 0.21 -0.17
Fragment size 0.27 -0.33 0.19
Fragment type 0.16 -0.20 0.22 0.87
Plant SpR 0.42 -0.32 -0.10 0.30 0.24
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Table S2. List of the 77 leafhopper species that were recorded on the 28 fragments. Frequencies and abundances 
of the species of large (L) and small (S) sites are shown separately. Freq. = frequency, i.e. the number of sites 
occupied, Abu. = abundance, s/g = habitat specialist / generalist, WL = wing length, b = brachypterous, m = 
macropterous, information on host plants and habitat specialisation derived from Nickel (2003) and Nickel & 
Remane (2002), information on wing length derived from Biedermann & Niedringhaus (2004). 
 
 
 Freq.    Abu.
Species L S L S s/g WL Host plants
Acanthodelphax denticauda 0 1 0 1 g b Deschampsia cespitosa
Acanthodelphax spinosa 8 8 25 104 g b Festuca rubra, F. ovina
Adarrus multinotatus 13 12 206 324 s m Brachypodium pinnatum
Allygus mixtus 0 1 0 1 g m nymphs on grasses and herbs, adults on trees
Anakelisia perspicillata 9 6 42 24 s m Carex flacca
Anaceratagallia ribauti 9 3 42 30 g m mainly Plantago lanceolata
Anaceratagallia venosa 7 3 100 62 s m L. corniculatus, Thymus sp., H. comosa
Aphrophora alni 8 11 27 100 g m nymphs on herbs, adults on shrubs and trees
Aphrodes sp. 11 5 61 16 g m
Arocephalus longiceps 7 7 34 367 g m various grasses
Arocephalus punctum 0 1 0 2 s m mainly F. ovina
Arthaldeus pascuellus 2 5 2 49 g m various grasses
Asiraca clavicornis 1 3 1 4 g m unknown
Athysanus argentarius 4 6 9 14 g m various grasses
Balclutha punctata 3 2 4 2 g m grasses,  in winter on coniferous trees
Batracomorphus irroratus 1 0 10 0 s m Helianthemum nummularium
Cercopis vulnerata 1 8 1 17 g m tall herbs and grasses
Chlorita paolii 1 0 1 0 s m Achillea millefoilum, Artemisia vulgaris
Cicadula persimilis 0 5 0 15 g m Dactylis glomerata
Cicadella viridis 0 2 0 2 g m rushes, sedges, grasses, probably also dicotyledons
Criomorphus albomarginatus 2 4 6 7 g m various grasses
Deltocephalus pulicaris 1 0 1 0 g m various grasses
Delphacinus mesomelas 0 1 0 1 s b F. ovina, F. rubra
Dicrantropis hamata 2 2 2 2 g m various grasses
Diplocolenus bohemani 1 1 10 123 s m Calamagrostis spp., Bromus erectus
Ditropsis flavipes 7 8 64 87 s b Bromus erectus
Doratura stylata 13 10 301 299 s b fine-leaved grasses
Elymana sulphurella 5 3 25 17 g m various grasses
Emelyanoviana mollicula 4 6 63 14 s m mainly Lamiaceae, but also other families
Errastunus ocellaris 0 2 0 30 g m taller growing grasses
Eupelix cuspidata 4 3 8 5 s m F. ovina
Eupteryx notata 13 6 117 21 g m various dicotyledonous herbs
Euscelis incisus 7 5 142 15 g m Fabaceae, Poaceae
Evacanthus acuminatus 0 2 0 5 g m various dicotyledonous herbs
Evacanthus interruptus 1 4 1 10 g m various dicotyledonous herbs
Fieberiella septentrionalis 1 2 1 6 g m Prunus spinosa, Rosa sp.
Forcipata citrinella 2 4 5 17 g m Carex flacca, C. nigra and others
Goniagnathus brevis 5 0 7 0 s m Thymus pulegioides, Th. praecox
Graphocraerus ventralis 2 0 2 0 g m various grasses
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  Freq.    Abu.
Species L S L S s/g WL Host plants
Hephathus nanus 1 0 2 0 s m Cirsium acaule?
Hesium domino 0 3 0 8 g m nymphs on grasses, adults on trees
Hyledelphax elegantula 1 3 1 7 g b B. pinnatum and other grasses
Idiodonus cruentatus 0 1 0 12 g m woody plants and dwarf shrubs
Jassidaeus lugubris 1 0 1 0 s b F. ovina agg
Javesella pellucida 6 12 31 89 g m various grasses, Juncaceae, Cyperaceae
Kelisia irregulata 8 9 60 85 s m Carex flacca
Kosswigianella exigua 7 4 48 19 s b F. ovina agg.
Macrosteles laevis 0 1 0 2 g m grasses, sedges, rushes, dicotyledonous herbs
Megophthalmus scanicus 4 4 4 4 g m various species of Fabaceae
Megadelphax sordidula 4 3 55 19 g b Arrhenatherum elatius
Mocydiopsis attenuata 0 1 0 1 s m F. ovina agg, F. rubra, F. heterophylla
Mocydia crocea 12 12 99 190 g m various tall grasses
Neophilaenus albipennis 4 7 105 142 s m B. pinnatum
Neophilaenus campestris 4 2 28 13 g m various grasses
Neophilaenus lineatus 2 2 7 9 g m Poaceae, Cyperaceae, Juncaceae
Neoaliturus fenestratus 2 0 3 0 s m Asteraceae, notably Leontodon spp.
Oncopsis flavicollis 0 2 0 7 g m Betula pendula, B. pubescens
Philaenus spumarius 6 8 319 38 g m extremely polyphagous
Platymetopius major 2 0 2 0 s m nymphs among low vegetation, adults on trees
Psammotettix alienus 7 3 15 9 g m various grasses
Psammotettix cephalotes 11 4 222 23 s m Briza media
Psammotettix confinis 3 1 16 3 g m various grasses
Psammotettix helvolus 9 9 148 29 g m various grasses
Psammotettix kolosvarensis 0 1 0 1 g m Puccinellia distans, Elymus repens
Rhopalopyx adumbrata 3 6 13 28 s m F. rubra, F. ovina
Rhopalopyx preyssleri 2 4 5 33 s m Poa pratensis, P. angustifolia
Rhopalopyx vitripennis 1 1 13 1 s m F. ovina agg
Rhytistylus proceps 2 2 3 3 s m F. ovina
Ribautodelphax albostriata 3 7 10 91 s b Poa angustifolia
Ribautodelphax pungens 9 7 69 118 s b B. pinnatum
Speudotettix subfusculus 0 1 0 1 g m nymphs on sedges and grasses, adults on trees
Stenocranus minutus 6 7 11 27 g m Dactylis glomerata
Streptanus marginatus 3 3 7 40 g b Deschampsia flexuosa, F. ovina
Thamnotettix confinis 0 1 0 2 g m nymphs in herbaceous vegetation, adults on trees
Turrutus socialis 11 11 867 424 s m various grasses
Verdanus abdominalis 10 10 92 136 g m Holcus lanatus and other grasses










Distance to   











Plant   
specialist    
SpR
S01 S 0.54 33.8 130.9 1.53 20 9 175 87 64 36
S02 S 0.57 77.4 97.8 1.43 19 8 245 67 35 15
S03 S 0.31 44.4 565.0 0.09 31 11 257 123 53 30
S04 S 0.22 45.1 515.2 0.03 24 6 327 218 46 23
S07 S 0.13 48.9 153.0 0.85 28 11 283 142 49 26
S08 S 0.28 40.7 231.9 1.13 21 6 105 37 59 22
S09 S 0.32 67.3 355.3 0.29 27 8 207 84 46 22
S10 S 0.26 43.7 305.2 0.61 21 5 135 65 62 34
S12 S 0.45 37.1 129.2 0.86 27 12 291 219 63 36
S14 S 0.06 33.8 155.5 0.40 21 4 342 159 53 21
S17 S 0.6 39.3 451.8 0.10 15 7 224 177 29 20
S21 S 0.37 55.6 20.1 1.52 20 9 419 112 38 23
S25 S 0.24 27.4 238.9 0.32 19 10 184 98 25 11
S26 S 0.27 51.3 786.5 0.07 27 5 260 54 44 14
L02 L 4.08 48.1 198.5 0.06 16 6 227 129 62 26
L03 L 1.50 51.8 58.6 0.68 28 9 246 92 51 26
L04 L 4.29 68.0 185.1 1.55 27 12 269 220 56 38
L06 L 8.76 40.7 314.3 0.15 14 7 147 78 43 27
L07 L 1.54 51.3 110.3 1.75 26 12 289 211 53 32
L08 L 2.56 34.1 417.5 0.41 20 9 303 250 50 29
L10 L 6.15 46.7 180.4 0.09 22 9 392 261 45 26
L14 L 2.45 58.4 61.1 1.89 14 3 232 5 62 22
L15 L 5.45 59.0 848.9 0.24 28 11 546 251 54 30
L16 L 6.38 40.8 68.4 0.61 30 14 239 114 65 29
L17 L 3.55 47.7 60.3 1.89 28 12 240 110 58 25
L18 L 1.24 30.6 106.5 1.08 25 6 143 50 55 28
L19 L 2.28 45.9 42.4 1.84 15 6 105 76 57 33
L20 L 1.78 50.0 55.3 1.84 20 4 241 103 60 32
Table S3. Fragment type (small (S) / large (L)), fragment size [ha], percentage of arable land in a 500 m radius 
around the sites, values of a connectivity index (Hanski et al., 2000), distance to the next fragment [km], 
(specialist) leafhopper species richness and abundance and (specialist) plant species richness of the 28 fragments 








Chapter 3: Biodiversity conservation across taxa and landscapes 
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Agricultural intensification has been shown to reduce biodiversity through processes such as 
habitat degradation and fragmentation. We tested whether several small or single large habitat 
fragments (re-visiting the “SLOSS” debate) support more species across a wide range of 
taxonomic groups (plants, leafhoppers, true bugs, snails).  
Our study comprised 14 small (< 1 ha) and 14 large (1.5 – 8 ha) fragments of calcareous 
grassland in Central Germany along orthogonal gradients of landscape complexity and habitat 
connectivity. Each taxon was sampled on six plots per fragment.  
Across taxa, species richness did not differ between large and small fragments, whereas 
species-area accumulation curves showed that both overall and specialist species richness, 
was much higher on several small fragments of calcareous grassland than on few large 
fragments. On average, 85 % of the overall species richness was recorded on all small 
fragments taken together (4.6 ha), whereas the two largest ones (15.1 ha) only accounted for 
37 % of the species. This could be due to the greater geographic extent covered by many 
small fragments. However, community composition differed strongly between large and small 
fragments, and some of the rarest specialist species appeared to be confined to large 
fragments. The surrounding landscape did not show any consistent effects on species richness 
and community composition.  
Our results show that both single large and many small fragments are needed to promote 
landscape-wide biodiversity across taxa. We therefore question the focus on large fragments 
only and call for a new diversified habitat fragmentation strategy for biodiversity 
conservation. 
 
Keywords: calcareous grasslands, community composition, habitat fragmentation, 





Habitat fragmentation and land-use change have been found to be major drivers of 
biodiversity loss (Foley et al 2005; Fischer and Lindenmayer 2007), resulting in a mosaic of 
habitat remnants of different sizes. In this context, there is an ongoing debate on whether 
biodiversity conservation should focus on single or few large habitat fragments, or whether 
the protection of many small fragments (covering the same habitat area in a landscape) is of 
equal or even greater importance (“SLOSS” – Single Large Or Several Small, e.g. Maiorano 
et al. 2008; Tjørve and Tjørve 2008; Tjørve 2010; Tscharntke et al. 2012, for a review see 
Ovaskainen 2002). The main argument in favour of several small fragments is that they 
usually cover a wider geographic range and therefore greater environmental heterogeneity 
than a single or few large fragments of equal total area (Qian and Shimono 2012). This 
provides greater differences in community composition, increasing beta-diversity (community 
dissimilarity) and thereby supporting more species in total (Tscharntke et al 2012). In 
contrast, large fragments have the advantage that their species are less prone to extinction due 
to more stable habitat conditions, larger population sizes and higher immigration rates 
(MacArthur and Wilson 1967). Furthermore, highly specialised species tend to be area-
sensitive and hence are mostly confined to large fragments (Bender et al 1998; Lasky and 
Keitt 2013). Since the debate is far from being resolved, empirical evidence across different 
taxa and landscape types is urgently needed. 
Apart from fragment size, connectivity among fragments is highly important for species 
richness and community composition since it affects extinction-immigration dynamics (Losos 
and Ricklefs 2010), i.e. fragments that are more isolated are less likely to be colonised. In 
addition, different landscape types surrounding the fragments may facilitate or hinder 
dispersal (Öckinger et al 2012; Eycott et al 2012). Habitat fragments in a ‘sea’ of intensively 
managed agricultural matrix therefore receive fewer immigrants from the surrounding 
landscape. 
In this study, we analyse landscape-wide fragmentation effects of calcareous grasslands, 
which are among the most species-rich habitats in Central Europe (Poschlod and 
WallisDeVries 2002; Ellenberg and Leuschner 2010). They have declined at an alarming rate 
due to their conversion to arable land or the abandonment of historic land-use forms like 
extensive grazing (Poschlod and WallisDeVries 2002). For example, in Southwestern 
Germany more than 70 % of the calcareous grasslands that were present in the year 1900 have 
disappeared (Mattern et al 1992). Thereby, connectivity of the remaining fragments has been 
reduced dramatically.  
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Within the study area (districts of Göttingen and Northeim, Lower Saxony, Germany, 
2391.5 km
2
) there are still more than 200 fragments of calcareous grassland, covering about 
0.3 % of the area. The vast majority (70 %) of these fragments are smaller than 1 ha, but some 
large fragments are present as well (see Fig. S1 in Electronic supplementary material). They 
differ in connectivity and landscape complexity, making the study area highly appropriate for 
studying relative effects of fragment size and surrounding landscape matrix on species 
richness and community composition (Tscharntke et al 2002; Scherber et al 2012). 
We focus on the effects of three landscape metrics: fragment size (large vs. small 
fragments), connectivity (measured by a connectivity index described by Hanski et al., 2000) 
and landscape composition (represented by the amount of arable land within a 500-m buffer 
around each site) on species richness and community composition of four taxa covering 
different trophic and organisational levels: (1) plants, (2) leafhoppers, planthoppers and 
froghoppers (Auchenorrhyncha, hereafter referred to as leafhoppers), (3) true bugs 
(Heteroptera) and (4) snails (Mollusca). In addition, for leafhoppers and true bugs we used 
plant species richness as a surrogate for habitat quality and resource availability. Habitat 
specialist and generalist species were analysed separately in order to test whether their species 
richness and community composition were affected differently by landscape parameters.  
Studies often focus on large, attractive or mobile invertebrate taxa like bees, butterflies 
and hoverflies (e.g. Krauss et al., 2003; Schüepp et al., 2011), whereas the use of taxa with 
small body size and therefore restricted mobility like leafhoppers, true bugs and snails is far 
less common (but see Boschi and Baur 2007; Kőrösi et al. 2012). Due to their restricted 
mobility, the latter are likely to be much more affected by fragment size, connectivity and 
landscape complexity (Greenleaf et al 2007; Stoll et al 2009; Marini et al 2012). Therefore 
they are most suitable for shedding light on the “SLOSS” debate and testing the hypothesis 
that both several small and single large habitat fragments substantially contribute to 
biodiversity conservation in human-dominated landscapes. 
In detail, we hypothesize that  
(1) Many small habitat fragments support more species than few large fragments of similar 
habitat area, while community composition on small and large fragments is different.  
(2) Species richness and community composition of plants and invertebrates are affected by 
decreasing landscape complexity (represented by increasing amount of arable land) and 
habitat connectivity. Furthermore, we hypothesize a positive relationship between plant 
species richness and true bug species richness. 
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(3) Specialist species of all taxa are more severely affected by fragment size than 
generalists. 




The study area was located around the city of Göttingen in southern Lower Saxony in central 
Germany (51.5°N, 9.9°E, see Fig. 1). The landscape is characterised by intensively managed 
agricultural areas with a dominance of cereal, maize and rape fields and fertile meadows, 
interspersed with forests and patchily distributed fragments of calcareous grasslands (Fig. 1), 
belonging to the plant association Mesobrometum erecti Koch 1926 (Ellenberg and Leuschner 
2010). These grasslands are managed by mowing or by grazing with livestock like sheep, 
goats, cattle or horses.  
 
Study design 
The study was conducted between April and September 2010. By analysing digital maps 
(ATKIS-DLM 25/1 Landesvermessung und Geobasisinformationen Niedersachsen 1991–
1996, Hannover, Germany) with the geographical information system ArcGIS 10.0 (ESRI 
Geoinformatik GmbH, Hannover, Germany) and subsequent extensive field surveys in the 
study area, we selected 14 small (0.1–0.6 ha) and 14 large (1.2–8.8 ha) fragments of 
calcareous grassland (Fig 1). The threshold of 1 ha was chosen since the majority (70 %) of 
fragments in the study area is smaller than 1 ha and only few larger fragments exist (Fig. S1, 
Krauss et al. 2003). The fragments were chosen along two orthogonal gradients (Fig. S2): 1) a 
landscape composition gradient, i.e. an increasing percentage of arable land within a radius of 
500 m around the fragments (27–77 %, mean = 47 %). We chose a radius of 500 m since we 
expected all four chosen taxa to be highly dispersal limited so that the close surroundings of 
the fragments would be most important for them, and 2) a habitat connectivity gradient, 
measured by a connectivity index (CI) described by Hanski et al. (2000):   
 CIi = exp( – αdij)Aj
β
 
Aj is the area of the neighbouring fragment j (in m2) and dij is the edge to edge distance (in 
m) from the focal fragment i to the neighbouring fragment j. α is a species specific parameter 
describing a species’ dispersal ability and β is a parameter that describes the scaling of 
immigration. Since we applied the connectivity index to an entire community with several 
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taxa, both scaling parameters α and β were set to the commonly used value of 0.5 (e.g. 
Brückmann et al., 2010). The values of the connectivity index ranged between 20 and 849 
(mean = 244) with large values indicating high levels of connectivity. To assure that for no 
fragment the connectivity index was equal to zero, all calcareous grassland fragments with a 
minimum size of 50 m
2 
within a radius of 2000 m around each study site were taken into 
account. Roadsides and field margins with plant species typical for calcareous grasslands 
(Krauss et al 2003) were uncommon and were not taken into account. The rationale behind 
choosing a radius of 500 m for the local variable of arable land and a radius of 2000 m for the 
landscape variable connectivity was that we specifically wanted to compare local (fragment 
size) with landscape effects at different spatial scales (landscape composition of the matrix 
around fragments and connectivity of the fragments). The values of the connectivity index for 
different spatial scales between 500 and 2000 m were highly correlated (see Table S7). 
It was difficult to select fragments of similar habitat quality, because management 
differed from fragment to fragment. Some were grazed or mown, while on some, management 
had been abandoned. Mowing was done at different times throughout the year, although never 
before the first insect sampling, i.e. the beginning of June. Fragments that were managed for 
the conservation of rare plants (orchids in particular) were not cut before August to ensure 
that the seeds could fully ripen. In order to ensure that the fragments exhibited the 
characteristics of calcareous grasslands, we only included fragments that harboured more than 
ten of the plant species that are typical for calcareous grasslands in the study area (Krauss et al 
2003). 
Sampling methods 
At the beginning of June 2010, we recorded the vegetation (only vascular plants) on six plots 
per fragment (1 × 5 m). The plots were at least 3 m away from each other and located in the 
centre of the fragments. The plant species were subdivided into habitat specialists and 
generalists according to Krauss et al. (2003).  
Leafhoppers and true bugs were sampled by sweep netting (Heavy Duty Sweep Net, 
7215HS, BioQuip, diameter: 38 cm) on the botanical plots (20 sweeps each, i.e. 120 sweeps 
in total) in dry weather on three occasions in 2010 (at the beginning of June, at the end of July 
and at the beginning of September). These plots exceeded the botanical plots and were 
approximately 10 m long. The specimens of leafhoppers and true bugs caught were 
transferred into ethanol (70 % vol.) and subsequently identified to species level. Species with 
woody host plants were excluded, except when saplings of a potential host tree had been 
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recorded in the botanical plots. Otherwise it was assumed that they had been dislodged from 
their host tree by wind. If the species’ larvae used herbs or grasses as host plants and only the 
imagines fed on trees, specimens were included in the analysis.  
The identification to species level of female specimens of several leafhopper genera was 
not possible (Ribautodelphax, Anaceratagallia, Psammotettix, Rhopalopyx) (Biedermann and 
Niedringhaus 2004). Thus, if male specimens were present, female specimens were assumed 
to belong to the same species (we used this in the case of 84 specimens, which represented 
around 1 % of the total abundance). If not, they were only identified to genus level. If males 
of more than one species of a genus were present, the number of females was assumed to 
mirror that of males.  
All leafhopper and true bug species were classified into habitat specialists and 
generalists according to (i) their specific habitat requirements typical for calcareous grassland 
(i.e. warm and dry habitat conditions, short, grazed swards, open soil) and (ii) diet preferences 
(i.e. only being able to utilise plants that exclusively occur on calcareous grasslands) based on 
Nickel (2003) and Wachmann et al. (2004, 2006, 2007, 2008) and expert opinions (H. Nickel 
(Göttingen), M. Goßner (Fronreute)). A species was classified as a habitat specialist if 
conditions (i) and/or (ii) were fulfilled; it was classified as a generalist if neither (i), nor (ii) 
were fulfilled. 
In September 2010, land snails (excluding slugs) were sampled by taking soil samples 
on the six botanical plots on each fragment (11.2 × 11.2 × 5 cm, approximately 0.6 l each) 
(method modified after Koordinationsstelle Biodiversitäts-Monitoring Schweiz, 2010). In 
addition, in order to sufficiently record the shells of larger species, we thoroughly searched 
the botanical plots (modified after Boschi and Baur (2007) and K. Groh (Hackenheim), pers. 
comm.). The soil samples were washed through sieves of four different mesh sizes (4 mm, 2 
mm, 1 mm, 0.5 mm). The remaining fine plant material was checked for snail shells under a 
magnifying lens. Specimens were identified to species level and were subdivided into four 
classes of weathering. Class 1 included specimens that had been alive at the time of collection 
(with the remains of the soft parts still visible inside the shells), shells in class 2 were fresh 
but the snail had already been dead at the time of collection, shells in class 3 were slightly 
weathered and in class 4 all the periostracum had weathered away. Only the specimens from 
class 1 to 3 were included in the analyses since it could be expected that these species still 
occurred on the fragments. Like the other taxa, the snails were subdivided into grassland 




Fig. 1. Location of the 28 grasslands, with the city of Göttingen in the centre of the map. Large grasslands are 





We determined the Red List status of all species and subsequently determined those 
specialist species that exclusively occurred either on large or on small fragments. For plants, 
true bugs and snails Red Lists for Lower Saxony were used (Melber 1999; Garve 2004; 
Teichler and Wimmer 2007), for leafhoppers only a Red List for all of Germany was available 
(Remane et al 1997). Nomenclature follows Seybold (2009) (plants), Biedermann and 
Niedringhaus (2004) (leafhoppers), Wachmann et al. (2004, 2006, 2007, 2008) (true bugs) 
and Teichler and Wimmer (2007) (snails). 
Species richness of the six plots per fragment for each taxon was pooled for all 
statistical analyses. Furthermore, species richness of leafhoppers and true bugs was pooled 
over the three sampling occasions. 
 
Statistical analyses 
We estimated the number of species, which we would have been able to attain with a three 
times higher sampling effort (i.e. 18 instead of six plots per fragment) with EstimateS (version 
9.1.0, Colwell, 2013), using 100 randomisations, randomising the individuals without 
replacement. We found that with our actual sampling effort we captured between 47 and 100 
% of species (plants: mean = 84.2 % of overall species richness (87.5 % of specialists), 
leafhoppers: mean = 77.2 % (78.0 %), true bugs: mean = 66.7 % (77.4 %), snails: mean = 
78.9 % (90.0 %)). There was no difference in sampling efficiency between large and small 
fragments (Table S2, Table S3, Fig. S2). 
Species-area accumulation curves were established by starting with the smallest 
fragment going to the largest one, progressively adding the species that had not occurred on 
the previous fragment. We then employed the same procedure again, starting with the largest 
fragment going to the smallest one. The summed fragment sizes on a log10-scale were placed 
on the x-axis. 
When comparing several small with few large fragments, we had to control for 
differences in sampling intensity with respect to fragment size. We therefore randomly 
selected pairs of two large fragments (i.e. 12 plots) and in addition selected 12 plots 
originating from 12 different small fragments. This procedure was then repeated ten times, 
resulting in a new data set with ten times two large fragments (N=10) and ten sets of 12 
randomly selected plots from small fragments (N=10). We then created sample-based 
rarefaction curves for each taxon for both overall species richness and specialist species 
richness with EstimateS (version 9.1.0, Colwell 2013), using 100 randomisations, 
randomising the individuals without replacement. For plants we analysed presence-absence 
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data. We used nonlinear mixed-effects models (R package nlme, Pinheiro et al 2014) to fit 
Michaelis-Menten models to the rarefaction curves (as suggested by Gotelli and Colwell 
(2011)). In these models, the response variable was rarefied species richness and the 
explanatory variable was the number of individuals. Models contained fragment size as fixed 
effect and for site (N=20) random effect. Starting values for the parameters were estimated 
using the SSmicmen function in R package nlme (Pinheiro et al 2014). 
 To detect differences in species composition, redundancy analyses (RDAs) with each 
of the explanatory variables (fragment size (large or small), connectivity, percentage of arable 
land and plant species richness (for leafhoppers and true bugs)) were performed with function 
rda from R package vegan (Oksanen et al 2013). Interactions between explanatory variables 
were not tested. Prior to analysis, the community data matrices were Hellinger-transformed, 
thereby giving lower weights to rare species (Legendre and Gallagher 2001). A permutation 
test with 999 permutations with function permutest from R package vegan (Oksanen et al 
2013) was used to assess statistical significance of the similarity in community composition. 
In order to detect similarities between the species composition of the four taxa, Mantel 
tests (based on Pearson's product-moment correlation) with 999 permutations (Mantel 1967) 
were conducted using the function mantel from R package vegan (Oksanen et al 2013) with 
distance matrices using Bray-Curtis indices created with function vegdist from R package 
vegan (Oksanen et al 2013).  
Species richness was analysed using generalized linear models with negative binomial 
errors (glm.nb, R package MASS (Venables and Ripley 2002)) or Poisson errors (for generalist 
snails, R package MASS (Venables and Ripley 2002)) with the following explanatory 
variables: (1) fragment size (taken as a factor, either ‘large’ or ‘small’), (2) habitat 
connectivity, measured by a connectivity index described by Hanski et al. (2000), (3) the 
percentage of arable land in a 500 m-buffer around each fragment (log10-transformed to 
achieve a better fit of the models) and (4) plant species richness per site (only for leafhoppers 
and true bugs). The families and link functions used in generalized linear models were 
selected based on residual deviance. The explanatory variables were uncorrelated (Table S4) 
and no collinearity (Smith et al 2009) was detected (function vif from R package usdm (Naimi 
2014), Table S5). We started off with full models containing two-way interactions between all 
the explanatory variables. These models were then simplified using an automated stepwise 
model selection procedure based on AICc (function stepAICc based on function stepAIC (R 




To account for spatial autocorrelation we conducted Mantel tests (based on Pearson's 
product-moment correlation) with 999 permutations (Mantel 1967) using Bray-Curtis indices 
created with function vegdist from R package vegan (Oksanen et al 2013). With the resulting 
distance matrices we then performed Mantel tests with the function mantel from R package 
vegan (Oksanen et al 2013). There was no sign of correlation of the geographic fragment 
location with species richness or community composition (see Table S6). 




In the 28 fragments of calcareous grassland we recorded 167 plant species, comprising 65 
specialist and 102 generalist species (including 21 tree and shrub species as saplings), with a 
minimum of 25 and a maximum of 65 species per site. We found 77 leafhopper species (29 
specialists and 48 generalists), with 7073 adult specimens. Species richness ranged from 14 to 
31 species per fragment. There were 76 true bug species (21 specialists and 55 generalists), 
with 2117 adult specimens with a range of species richness between 7 and 29 species per 
fragment. In the first three shell age classes we recorded 28 snail species (10 specialists and 
18 generalists) with 7199 specimens. Species richness ranged from 5 to 16 species per 
fragment (see Table S2, Table S6). 
The species-area accumulation curves showed a similar pattern for all four taxa (Fig. 
2a). The accumulated area of all 14 small fragments resulted in a much higher total species 
richness than if only few large fragments of similar area were considered. Specifically, an 
average of 85 % of the overall species richness was recorded on all small fragments taken 
together (4.6 ha), whereas the two largest ones (15.1 ha) only accounted for 37 % of the 
species.  This effect was the same for both overall species richness and the species richness of 
habitat specialists (Fig. 2b). The 14 small fragments covered a wider geographic range (264 
km
2
) than few large fragments of similar area (on average, three large fragments taken 
together only covered 56 km², see Fig. 1). 
When controlling for sampling effort on small vs. large fragments, we found that the 
accumulated species richness of 12 plots from 12 different small fragments resulted in a 
significantly higher species richness than 12 plots from two large fragments. On average, the 
attained species richness was 30 % higher (Fig. 3, Table S8). This was not only true for 
overall species richness but also for specialist species richness of plants and leafhoppers 
(species richness was 23 % higher). 
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We found a significant effect of fragment size on the species composition of all four 
taxa (Table 2, Fig. 4). In most cases, both specialist and generalist species were affected by 
fragment size. In addition, the community composition of true bugs (all species and 
generalists) was influenced by plant species richness. Leafhopper community composition (all 
species and generalists) was affected by the percentage of arable land surrounding the sites 
(Table 2). The community composition of the other taxa was not influenced by connectivity 
or landscape composition. 
The community composition of plants, leafhoppers and true bugs on the 28 fragments of 
calcareous grassland was highly significantly correlated (Mantel tests, Table S1). Snail 
community composition, however, was not correlated with plant and true bug community 
composition and only weakly correlated with leafhopper community composition. 
In the case of leafhoppers and true bugs, a number of red-listed specialist species 
occurred on large fragments exclusively (Table 1). In the case of plants and snails, red-listed 
specialists occurred on both large and small fragments but the occurrence of the most 
threatened plant and snail species was restricted to large fragments. 
We found no effect of fragment size on the species richness of plants, true bugs and 
snails (Table 3). For leafhoppers there was an interaction of fragment size with habitat 
connectivity (Rösch et al 2013).  
With increasing connectivity, plant species richness remained stable in simple 
landscapes (dominated by arable crops), whereas it decreased with increasing connectivity in 
complex landscapes (Table 3, Fig. 5a). For overall and generalist true bug species richness we 
found an increase in species richness with increasing plant species richness on connected but 
not on isolated fragments (Table 3, Fig. 5b). Snail species richness was not significantly 





Table 1. Specialist species of plants, leafhoppers, true bugs and snails that exclusively occurred on either large 
(L) or on small (S) fragments. Red list status (RL status) derived from Remane et al. (1997), Melber (1999), 





Fragment  Occupied Cover (%) /
size  fragments individuals
Plants Genista tinctoria 4 L 4 4.33
Filipendula vulgaris 2 L 1 0.22
Ophrys apifera 3 L 4 0.25
Ophrys insectifera 3 L 4 0.65
Orchis tridentata 2 L 2 5.83
Vincetoxicum hirundinaria L 1 0.08
Orchis mascula 3 S 2 0.10
Clinopodium vulgare S 1 3.33
Dactylorhiza maculata 3 S 1 0.33
Melampyrum arvense 2 S 1 0.57
Platanthera chlorantha 3 S 1 0.02
Silene nutans 4 S 2 0.03
Leafhoppers Batracomorphus irroratus 2 L 1 10
Chlorita paolii L 1 1
Goniagnathus brevis 2 L 5 7
Hephathus nanus 2 L 1 2
Jassidaeus lugubris 3 L 1 1
Neoaliturus fenestratus 3 L 2 3
Platymetopius major 3 L 2 2
Arocephalus punctum S 1 2
Delphacinus mesomelas S 1 1
Mocydiopsis attenuata S 1 1
True bugs Lygaeus equestris 3 L 1 1
Phymata crassipes 3 L 2 5
Phytocoris varipes L 3 23
Dicyphus annulatus S 1 1
Legnotus picipes S 1 1
Oncochila simplex S 2 2
Orthops kalmii S 1 2
Snails Candidula unifasciata 2 L 1 98




Fig. 2. Fig. 2. Species-area accumulation curves of overall and specialist species richness of plants, leafhoppers, 
true bugs and snails: the cumulative number of species of the regional species pool (in percent, y-axis) in relation 
to cumulative grassland area (in ha) (x-axis) of the 14 small and 14 large calcareous grassland fragments. The 
first set of lines (left) sums the species from the smallest to the largest of the 28 fragments; the second set of 
lines (right) sums the species from the largest to the smallest fragment. The thresholds between large and small 
fragments are marked by the grey dashed lines. These results indicate that on a landscape scale many small 





Fig. 3. Sample-based rarefaction curves showing the estimated species richness (SpR) against the number of 
individuals per sampling plot of 12 plots originating from either (i) 12 different small fragments (10 curves of 
randomly selected fragments and plots) vs. (ii) 12 plots originating from each two randomly selected large 
fragments. For plants the analysis was based on presence-absence data. Note that this sampling was replicated 10 
times at random (10 curves of randomly selected fragments). Lines represent the average curve for the 10 





Fig. 4. RDA plots for species composition of specialist plants, generalist true bugs, specialist and generalist 
leafhoppers and specialist and generalist snails showing the effect of fragment size with minimum convex 






Fig. 5. Interaction plots showing the relationship between plant species richness/true bug species richness (y-
axis) and the landscape parameters (x-axis). Effect of landscape composition and habitat isolation (measured by 
a connectivity index (Hanski et al., 2000), log10-transformed) on plant species richness (complex: 27 – 46 % of 
arable land in 500 m buffer, simple: 47 – 77 % of arable land), Effect of increasing plant species richness on true 
bug species richness in conjunction with habitat isolation (connected: values of the connectivity index from 180 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Our results show that even though per fragment species richness did not differ between large 
and small fragments, 87 % of the overall species richness was recorded on all small fragments 
taken together (4.6 ha), whereas the two largest ones (15.1 ha) only accounted for 41 % of the 
species. This did not only hold for overall species richness, but also for specialist species 
richness. Even when controlling for sampling effort in comparison of several small with few 
large fragments, several small fragments resulted in a much higher species richness than the 
few large ones. In addition, community similarity was high between plants, leafhoppers and 
true bugs, whereas snail community composition correlated only with that of leafhoppers. 
However, community composition of large and small fragments differed greatly and some of 
the rarest specialist species appeared to be mostly confined to large fragments. 
The cumulative area of the 14 small fragments resulted in a higher species richness of 
all four taxa than few large fragments, showing a highly similar pattern for both overall 
species richness and the species richness of habitat specialists. The observed shape of the 
species-area accumulation curves supports published findings from the species richness of 
small and large habitat fragments (Tscharntke et al. 2002; Fahrig 2013, for a theoretical 
approach see Tjørve 2010). The 14 small fragments covered a wider geographic range (264 
km
2
) than few large fragments of similar area (on average, three large fragments taken 
together only covered 56 km², also see Fig. 1). Due to the considerable geographic distance 
between fragments, each fragment - both large and small - was different in terms of 
connectivity, surrounding landscape matrix (driving immigration patterns), local management 
and management history (Tscharntke et al 2012), which led to a specific plant species 
composition, influencing the composition of the associated invertebrate species. This was 
confirmed by the result of Mantel tests which showed that the species composition of plants, 
leafhoppers and true bugs on each fragment was highly correlated (Su et al., 2004, but see 
Dormann et al., 2007). In contrast, snail community composition was only weakly correlated 
with that of leafhoppers, presumably because of the high dispersal limitation in snails 
(Götmark et al 2008). Also, since the fragments did not display a nested species composition, 
i.e. the small fragments not only contained subsets of the species occurring on large fragments 
but distinct communities, there were more species on several small fragments taken together 
than on few large ones (Simberloff 1988). In general, all taxa chosen here are relatively 
dispersal limited, albeit not as limited as snails (Poschlod et al 1998; Jenkins et al 2007; 
Littlewood et al 2007). This dispersal limitation can also be assumed to have played a crucial 
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role in creating distinct communities on each fragment, making the chosen taxa highly 
suitable for the study of the SLOSS question. 
Even though across taxa many more species could be preserved on less area with the 
“several small fragments” approach, the species composition of small and large fragments 
differed strongly, and red-listed specialist species were mostly restricted to large fragments. It 
was only in the case of plants and snails that some red-listed specialists occurred on small 
fragments as well. This could at least partly be due to an unpaid extinction debt on small 
fragments resulting from long generation times of most plant species (Helm et al 2006; 
Hylander and Ehrlén 2013). In line with our results, Fukamachi et al. (1996) found that the 
maximum number of plant species in Japanese forest reserves could be achieved by pursuing 
the “several small” strategy, but the rarest species were confined to large fragments. 
Similarly, Godefroid and Koedam (2003) found that several forest specialist plants in Belgian 
forest remnants predominantly occurred in the largest fragment they investigated. So 
obviously there is a trade-off between the protection of the few very rare species and the 
increase of overall species richness (including habitat specialists) in an area (Tjørve 2010).  
We chose the four taxa since they can all be assumed to be dispersal limited and thus 
dependent on connectivity and the composition of the surrounding landscape. Nevertheless, 
except for leafhopper community composition, which was affected by landscape composition, 
community composition of the other taxa was not affected by connectivity or landscape 
composition. The effect of landscape composition on leafhopper community composition can 
be explained by changed immigration and dispersal patterns in landscapes dominated by 
arable land (Eycott et al 2012) and is in line with our former findings, i.e. an increase in 
leafhopper species richness with connectivity in simple but not in complex landscapes (high 
vs. low amount of arable land) (Rösch et al 2013). 
Fragment size (large vs. small) did not affect species richness of plants, snails and true 
bugs. For plants, this is in line with Helm et al. (2006), who found no effect of current 
grassland size on plant species richness in Estonian calcareous grasslands, explaining this by 
an unpaid extinction debt. For snails, the size of the fragments chosen here may have been 
above a threshold value (Stoll et al 2009), i.e. many species would have been able to persist 
on even smaller fragments and so, no effect on species richness became apparent. True bugs 
show a relatively low degree of specialisation (Wachmann et al. 2004, 2006, 2007, 2008). 
Therefore, the surrounding landscape seems to offer sufficient alternative habitat, rendering 
the size of the focal fragment less important. Leafhoppers, however, showed an interaction of 
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fragment size with connectivity (Rösch et al 2013), implying that in their case connectivity is 
more important for small, isolated fragments. 
Plant species richness decreased with increasing connectivity, albeit only in complex 
and not in simple landscapes. This is contrary to theoretical assumptions, predicting increased 
species richness with increasing connectivity due to enhanced dispersal and colonisation 
(MacArthur and Wilson 1967) and also contrary to findings of similar studies (e.g. 
Brückmann et al. 2010). However, time-lag effects like an extinction debt may currently 
obscure these processes (e.g. Hylander and Ehrlén 2013). Contrastingly, an increase in 
connectivity has also been shown to cause a decrease in the persistence of species, e.g. 
through changes in predator-prey networks (as discussed in Fahrig 2003; Ethier and Fahrig 
2011), but to our knowledge this has not been reported for plants yet.  
Overall and generalist true bug species richness increased with increasing plant species 
richness in connected but not in isolated fragments, which is similar to the pattern in 
generalist leafhoppers (Rösch et al 2013). True bugs frequently feed on plant sap, although 
most species are not as highly specialised as the majority of leafhopper species (Nickel 2003; 
Wachmann et al. 2004, 2006, 2007, 2008). In comparison to leafhoppers, this is reflected in 
the lower proportion of true bug species that were classified as habitat specialists. More plant 
species per site increase (i) the probability that an appropriate host plant per species is present 
(sampling effect) and (ii) the heterogeneity of the food resource (complementarity effect). 
This finding is in accordance with Scherber et al. (2010), who found an increase in herbivore 
diversity when the number of grassland plants in their experimental setup increased. 
Immigration increases with increasing connectivity (MacArthur and Wilson 1967), so even if 
suitable plant resources are available, isolated fragments are less frequently colonised than 
connected ones. This explains the observed increase in true bug species richness with plant 
species richness in connected but not in isolated fragments. The close relationship of true bugs 
with plants was also reflected in the change in true bug community composition with 
increasing plant species richness. 
Snail species richness was not affected by connectivity or landscape composition. This 
can be explained by their low mobility, making connectivity and the surrounding landscape 
less important for them. They can be expected to be more influenced by local habitat factors 







Our results demonstrate that a much less area is needed to accumulate a large number of 
species, also including habitat specialists, when combining several small habitat fragments 
across landscapes, showing the need to maintain many fragmented communities to protect as 
many species as possible. Although this is even true for the richness of specialist species, the 
conservation of small fragments must not be an exclusive conservation strategy since (1) large 
and small fragments differed in their community composition across taxa and (2) red-listed 
specialist species were mostly, and a few particularly rare species completely, confined to 
large fragments. Connectivity and landscape complexity (even when choosing a steep 
gradient as in this study) showed effects on species richness and community composition of 
all taxa, but they were not as consistent as the effects of fragment size. This leads to the 
conclusion that across landscapes both many small fragments as well as a few large fragments 
are needed for successful biodiversity conservation, especially in situations, where the 
majority of fragments has already been lost. Such a diversified habitat fragmentation strategy 
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Fig. S1. Size frequency histogram of the fragments of calcareous grassland in the study area (districts of 





Fig. S2. Relationship between estimated (y-axis) and (specialist) species richness determined in the field (x-axis) 
of plants, leafhoppers, true bugs and snails on the 28 fragments of calcareous grassland. Closed circles: large 










Table S1. Correlation matrix of community similarities between plants, leafhoppers, true bugs and snails 
(Mantel tests based on Pearson's product moment correlation). P-values <0.05 are depicted in bold characters 
and indicate significant similarity in community composition. 
 
 Plants Leafhoppers True bugs Snails 
Plants     
Leafhoppers 0.343    
True bugs 0.298 0.274   




Table S2. Fragment type (small (S) / large (L)), fragment size [ha], values of a connectivity index (Hanski et al., 
2000), distance to the nearest fragment [km], percentage of arable land in a 500 m radius around the sites, 
(specialist) species richness of plants, leafhoppers, true bugs and snails and the corresponding percentage of the 
















































































































































































L02 L 4.08 62 86.1 26 87.0 16 73.3 7 100.0 18 75.3 3 78.5 10 55.3 6 67.3
L03 L 1.50 51 84.1 26 92.7 28 76.2 10 67.1 19 86.9 6 98.4 11 89.9 7 97.1
L04 L 4.29 56 88.3 38 84.0 27 72.8 13 70.9 17 74.2 6 51.4 12 72.6 7 89.5
L06 L 8.76 43 90.3 27 96.7 14 70.6 8 67.2 7 76.7 3 67.0 11 95.2 6 100.0
L07 L 1.54 53 87.6 32 89.2 26 72.0 12 75.2 29 58.0 9 73.7 14 70.6 8 84.4
L08 L 2.56 50 75.9 29 83.0 20 94.7 10 90.3 13 52.4 3 78.5 11 70.8 7 75.9
L10 L 6.15 45 89.4 26 96.9 22 81.6 10 90.1 16 46.9 2 70.9 7 98.0 5 100.0
L14 L 2.45 62 81.8 22 91.5 14 75.9 4 61.7 9 52.7 2 70.9 8 95.1 7 100.0
L15 L 5.45 54 87.4 30 91.3 28 70.8 12 74.0 25 59.6 8 57.8 9 91.6 6 100.0
L16 L 6.38 65 87.1 29 87.2 30 80.2 15 61.9 15 71.0 1 100.0 13 63.7 6 80.2
L17 L 3.55 58 81.3 25 83.6 28 82.8 13 69.6 12 57.9 2 83.0 7 70.6 4 100.0
L18 L 1.24 55 85.5 28 86.3 25 85.5 7 83.2 17 55.6 6 73.0 11 71.2 5 77.2
L19 L 2.28 57 81.4 33 85.0 15 67.5 7 79.4 12 67.5 4 73.0 13 81.5 5 85.9
L20 L 1.78 60 80.5 32 77.2 20 64.9 5 83.3 17 48.6 3 88.0 12 72.6 6 100.0
S01 S 0.54 64 82.6 36 83.2 20 59.3 10 71.9 21 67.3 4 83.0 13 91.4 7 97.1
S02 S 0.57 35 85.9 15 93.1 19 68.5 9 83.6 17 58.7 4 64.3 16 57.5 7 75.9
S03 S 0.31 53 83.8 30 80.6 31 79.7 12 87.3 24 66.8 5 77.2 13 96.9 5 100.0
S04 S 0.22 46 83.5 23 87.8 24 69.0 7 83.2 17 61.2 4 83.0 12 50.4 5 77.2
S07 S 0.13 49 85.2 26 92.7 28 85.8 12 79.3 17 87.1 4 96.6 10 92.4 4 100.0
S08 S 0.28 59 78.6 22 91.5 21 89.3 7 51.2 18 75.3 4 100.0 13 74.5 5 85.9
S09 S 0.32 46 77.8 22 86.2 27 65.8 8 74.3 22 71.2 5 73.9 11 79.1 6 80.2
S10 S 0.26 62 97.7 34 99.9 21 89.3 5 78.0 25 79.6 4 73.0 13 88.0 4 100.0
S12 S 0.45 63 91.1 36 94.4 27 82.7 13 94.1 20 91.5 6 56.9 14 96.2 7 94.5
S14 S 0.06 53 79.7 21 90.8 21 82.5 4 100.0 17 57.5 3 100.0 11 78.8 4 100.0
S17 S 0.60 29 83.0 20 87.1 15 72.5 8 78.3 10 69.8 3 57.5 10 72.0 5 69.3
S21 S 0.37 38 74.0 23 76.0 20 73.4 10 72.0 18 60.1 4 50.7 5 69.3 4 83.0
S25 S 0.24 25 84.4 11 71.8 19 88.5 11 95.2 14 65.9 5 85.9 13 96.9 5 100.0
S26 S 0.27 44 82.9 14 84.8 27 85.4 5 63.2 19 72.4 2 100.0 12 67.9 6 100.0
55.1 84.7 28.8 88.0 22.4 76.3 9.5 76.7 16.1 63.1 4.1 76.0 10.6 78.5 6.1 89.8
47.6 83.6 23.8 87.1 22.9 78.0 8.6 79.4 18.5 70.3 4.1 78.7 11.9 79.4 5.3 90.2mean S




Table S3. Correlations (Spearman’s rho) between estimated and determined species richness for large and small 
fragments respectively. 
Large fragments rho S P 
Plant SpR 0.91 40.54 < 0.001 
Specialist plant SpR 0.91 40.26 < 0.001 
Leafhopper SpR 0.91 39.25 < 0.001 
Specialist leafhopper SpR 0.97 15.14 < 0.001 
True bug SpR 0.80 93.01 < 0.001 
Specialist true bug SpR 0.98 10.15 < 0.001 
Snail SpR 0.82 83.25 < 0.001 
Specialist snail SpR 0.81 87.44 < 0.001 
        
Small fragments rho S P 
Plant SpR 0.97 15.03 < 0.001 
Specialist plant SpR 0.98 8.53 < 0.001 
Leafhopper SpR 0.69 140.18    0.006 
Specialist leafhopper SpR 0.84 70.96 < 0.001 
True bug SpR 0.76 108.79    0.002 
Specialist true bug SpR 0.75 112.89    0.002 
Snail SpR 0.56 198.43    0.036 
Specialist snail SpR 0.90 45.78 < 0.001 
 
 
Table S4. Correlations between explanatory variables (Spearman’s rho). If |rho| ≥ 0.6, a strong correlation 
between two variables can be assumed. Distance: the distance (in km) to the nearest neighbouring fragment, 
Conn. Index: a connectivity index described by Hanski et al. (2000), % arable: landscape composition, i.e. the 
percentage of arable land within a 500 m radius around each fragment, Plant SpR: plant species richness per 
fragment, Fragment type: small or large fragment, Fragment size: Size of the fragments in ha. 
  Distance Conn. Index % arable Fragment size Fragment type 
Distance 
     Conn. Index -0.78 
    % arable 0.21 -0.17 
   Fragment size 0.27 -0.33 0.19 
  Fragment type 0.16 -0.20 0.22 0.87 





Table S5. Variance inflation factors (VIFs) of the four explanatory variables used in the models (Fragment type: 
small or large fragment, Conn. Index: a connectivity index described by Hanski et al. (2000), % arable: 
landscape composition, i.e. the percentage of arable land within a 500 m radius around each fragment, Plant 
SpR: plant species richness per fragment). A VIF greater than 10 is a signal that the model has a collinearity 
problem. 
Expl. variables VIF 
Frangment type 1.20 
Conn. Index 1.09 
% arable 1.02 
Plant SpR 1.20 
 
 
Table S6. Test for spatial autocorrelation between location of study site and species richness (SpR) and between 
location of study site and community composition (Mantel tests based on Pearson's product-moment correlation). 
There is no indication for spatial autocorrelation. Shown are r- and P-values. 
 
  location vs. SpR location vs. community composition 
  r P r P 
Plants -0.010 0.829 0.039 0.201 
Leafhoppers -0.054 0.986 0.064 0.119 
True bugs -0.115 0.481 0.096 0.234 
Snails 0.000 0.434 -0.049 0.695 
 
 
Table S7. Correlations between values of the connectivity index at different spatial scales. 
 
 500 m 1000 m 1500 m 2000 m 
500 m     
1000 m 0.90    
1500 m 0.89 0.97   




Table S8. Asymptotic species richness in large and small fragments for specialist and generalist species. We 
fitted nonlinear mixed-effects Michaelis-Menten models to individual-based rarefied species richness data for 
large and small calcareous grasslands. Asymptote, the estimate of asymptotic species richness (for large numbers 
of individuals); constant, the Michaelis-Menten constant (i.e. the number of individuals for which half of the 
asymptotic species richness value is reached). Δ, the difference in parameter values between large and small 
fragments. Positive values of Δ indicate more species in small fragments. Estimate, the estimated number of 
species; SE, 1 standard error of the mean. 
 All Species Specialists 
  Estimate SE DF t-value P Estimate SE DF t-value P 
Plants Asymptote (Large) 89.39 2.19 217 40.92 <0.001 42.93 1.14 217 37.79 <0.001 
 Δ Asymptote (Small) 42.07 3.13 217 13.42 <0.001 14.18 1.62 217 8.76 <0.001 
 Constant (Large) 65.97 2.18 217 30.32 <0.001 27.94 1.27 217 22.07 <0.001 
 Δ Constant (Small) 51.42 3.24 217 15.86 <0.001 19.19 1.84 217 10.42 <0.001 
Leafhoppers Asymptote (Large) 45.75 1.26 217 36.20 <0.001 19.97 1.33 217 15.08 <0.001 
 Δ Asymptote (Small) 26.87 1.80 217 14.94 <0.001 6.29 1.87 217 3.36 0.001 
 Constant (Large) 178.00 10.94 217 16.27 <0.001 89.29 8.86 217 10.08 <0.001 
 Δ Constant (Small) 84.39 15.51 217 5.44 <0.001 21.61 12.54 217 1.72 0.086 
True bugs Asymptote (Large) 43.08 2.13 217 20.19 <0.001 10.92 1.64 217 6.66 <0.001 
 Δ Asymptote (Small) 14.57 3.01 217 4.84 <0.001 3.64 2.23 217 1.63 0.104 
 Constant (Large) 92.32 8.47 217 10.90 <0.001 20.88 9.52 217 2.19 0.029 
 Δ Constant (Small) 26.37 11.96 217 2.21 0.029 24.19 13.78 217 1.76 0.08 
Snails Asymptote (Large) 16.34 0.80 217 20.48 <0.001 7.92 0.19 217 41.65 <0.001 
 Δ Asymptote (Small) 5.15 1.13 217 4.56 <0.001 0.05 0.27 217 0.20 0.843 
 Constant (Large) 91.58 10.24 217 8.95 <0.001 41.26 5.84 217 7.06 <0.001 





Chapter 4: Local and landscape management affects trait-mediated 
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Aim Biodiversity across the globe is heavily eroded by intensified management, at local and 
landscape scales. Species communities of calcareous grasslands, which are among Europe’s 
most diverse habitats, are severely threatened by the cessation of appropriate traditional 
management, loss of habitat connectivity and simplification of the surrounding landscape. 
However, our understanding of these often interrelated factors remains limited, in particular 
for trait-mediated responses across taxa. Here, we test the independent effects of local 
management (grazing, mowing and abandonment), habitat connectivity (measured by a 
connectivity index) and landscape complexity (indicated by the percentage of arable land) on 
nine taxa: plants, butterflies, bees, grasshoppers, hoverflies, spiders, true bugs, rove beetles 
and leafhoppers on small semi-natural calcareous grassland remnants (< 1 ha). 
Location Central Germany 
Methods We use a joint analysis across taxa to identify general and trait-mediated responses 
(body size and Red List status) in species richness, abundance and community composition. 
Results We identified three key drivers of local diversity patterns: First, an increasing 
proportion of arable land from 10 % to 80 % led to a 29 % loss of overall species richness. 
Second, despite differences between taxa, increasing habitat connectivity generally enhanced 
species richness. Connectivity effects were more accentuated in the large species per taxon, 
which can be expected to be good dispersers. Finally, grazing reduced species richness and 
abundance much more than annual mowing or short-term abandonment (5–15 years), in 
particular for red-listed species. We attribute this to plant resource removal through 
overgrazing and trampling. 
Main conclusions For the conservation management of small calcareous grasslands, we 
advocate an alternating strategy of mowing or lenient grazing and short-term abandonment, 
prioritizing connected fragments surrounded by diverse landscapes. Despite taxon-specific 
responses, our study across nine taxa demonstrates universal, trait-mediated effects of 
management, landscape complexity and connectivity on local biodiversity in fragmented 
communities. 
 
Keywords: Calcareous grasslands, community dissimilarity, connectivity, habitat 




Habitat fragmentation, habitat loss and agricultural intensification are major reasons for 
biodiversity decline worldwide (Sala et al., 2000; Fahrig, 2003; Fischer & Lindenmayer, 
2007), causing reductions in habitat area and connectivity. Small or isolated fragments are 
reached by fewer immigrants than large or connected ones (MacArthur & Wilson, 1967; 
Losos & Ricklefs, 2010). Furthermore, small fragments may experience higher extinction 
rates. The type of land use between fragments (matrix) also affects dispersal and persistence 
of species in fragmented landscapes. Simple landscapes with high proportions of arable land 
are a hostile matrix for many organisms (Ewers & Didham, 2006; Prugh et al., 2008). 
However, matrix types may influence permeability (Eycott et al., 2012; Öckinger et al., 2012), 
as shown e.g. for mass flowering crops (Holzschuh et al., 2013). 
In fragmented landscapes, surprisingly little is known about the effects of landscape 
factors like habitat connectivity and matrix complexity on invertebrate communities across 
taxa (Prugh et al., 2008). Previous studies focussed on few taxa with a bias on butterflies and 
bees (e.g. van Swaay, 2002; Krauss et al., 2003; Brückmann et al., 2010, but see Zulka et al., 
2013) and were rarely designed to distinguish between local management, connectivity and 
landscape complexity (but see Sjödin et al., 2007; Pöyry et al., 2009). This lack of knowledge 
is particularly accentuated for trait-mediated patterns across taxa (Öckinger et al., 2010). 
These may be life history traits like body size or conservation-relevant characteristics such as 
Red List status. Body size can mediate the response of species to habitat loss, predicting 
dispersal capability in many taxa (Jenkins et al., 2007; Öckinger et al., 2010; Sekar, 2012). 
In Central Europe, calcareous grasslands are among the most species-rich habitat types 
for both plants and invertebrates. Over centuries, calcareous grasslands have been maintained 
through traditional extensive (sheep) grazing and, less frequently, by mowing (Wilmanns, 
1993). With increasing agricultural intensification, management has become progressively 
uneconomical for farmers. Therefore, up to 90 % of calcareous grasslands have been lost over 
the past decades due to changed management (Poschlod & WallisDeVries, 2002). As a result, 
the distribution of the remaining habitat patches is nowadays highly fragmented. Accordingly, 
many species occurring on these grasslands have been categorised as threatened in Red Lists 
(Binot-Hafke et al., 2011). The current conservation of calcareous grasslands primarily 
focuses on local habitat management, aimed at mimicking traditional management. As 
rotational shepherding has become scarce, the remnants are often kept open by grazing, 
mowing or shrub removal. Contrastingly, the composition of the landscape surrounding a 
habitat fragment is often disregarded (Zulka et al., 2013). 
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In the study area (southern Lower Saxony, Central Germany) the landscape surrounding 
calcareous grasslands is intensively managed. More than 70 % of all fragments are small (<1 
ha, Fig. S1), yet of high conservation value due to their high biodiversity (Tscharntke et al., 
2002; Rösch et al., 2013) and their potential role as stepping stones (Saura et al., 2014). 
Therefore, in order to avoid the confounding influence of differences in fragment size, we 
here focus on small fragments (<1 ha). We set up a landscape-scale mensurative experiment 
to disentangle the effects of local management, landscape complexity and connectivity on 
nine taxa (plants, butterflies, bees, grasshoppers, hoverflies, spiders, true bugs, rove beetles 
and leafhoppers).  
In particular, we test the following hypotheses:  
1) Species richness, abundance and community composition change with the 
composition and connectivity of the surrounding landscape and depend on the 
type of local management.  
2) Body size (as a proxy for dispersal capacity) indicates the sensitivity to 
landscape scale factors, i.e. the larger species of a taxon can benefit more from 
connectivity than the smaller ones.  
3) Negative effects of management cessation, decreasing connectivity and 




The study area was situated in Central Germany, southern Lower Saxony (51.5°N, 9.9°E, see 
Map S1 in Supporting Information) in the districts of Göttingen and Northeim.  
About 30 % of the area is intensively managed arable land, with wheat, maize, sugar beet and 
oilseed rape grown in crop rotation. Forest fragments and grasslands make up another 40 % of 
the landscape. For the present study, we focused on fragments of calcareous grasslands 
(Mesobrometum erecti Koch 1926 (Ellenberg & Leuschner, 2010)) that are patchily 
distributed across the landscape (mainly on South-facing slopes). These grasslands are either 
mown or extensively grazed, or management has been abandoned. Mowing occurs once a 
year, usually in autumn or winter to ensure successful ripening of plant seeds. Grasslands are 
grazed predominantly by ruminants such as sheep and goats, but to a lesser extent also by 
horses or cattle, starting in the middle of June at the earliest. Grazing frequently results in 
trampling, areas of open soil and in the removal of a large proportion of the available plant 
material. Management of abandoned fragments used in our study ceased between five and 15 
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years ago. We did not include fragments that had been abandoned for longer, since they did 
not display the characteristics of calcareous grasslands anymore.  
 
Study design 
The study was conducted between April and September 2011. A total of 30 small fragments 
of calcareous grasslands (0.045 – 0.69 ha, mean = 0.3 ha) were selected from a total pool of 
about 200 potential fragments using digital maps (ATKIS-DLM 25/1 Landesvermessung und 
Geobasisinformationen Niedersachsen 1991–1996, Hanover, Germany) in ArcGIS 10.0 (ESRI 
Geoinformatik GmbH, Hanover, Germany) and extensive field surveys in the study area. Sites 
were selected to be either grazed, mown or abandoned (10 each). Fragments were grazed by 
single species (sheep, goats, cows, highland cattle, ponies or horses). For the type of livestock 
used on the grazed fragments see Table S3. Grazing intensity varied greatly from a few days 
to months.  
The fragments were selected with randomization along two orthogonal gradients (Fig. 
1, Fig. S2, Table S3): (1) A landscape composition gradient, i.e. increasing percentage of 
arable land within a radius of 1000 m around fragments (9 – 78 %, mean = 44 %). We chose a 
radius of 1000 m since we expected some taxa to be dispersal limited (e.g. leafhoppers, plants, 
true bugs) so that the close surroundings of the fragments would be most important for them. 
Several previous studies have shown that the percentage of arable land (used here) is highly 
correlated with landscape Shannon diversity in the study region (e.g. Thies et al., 2003; 
Roschewitz et al., 2005). (2) A gradient in habitat connectivity, measured by a connectivity 
index (CI) as described in Hanski et al. (2000):  
 CIi = exp( – αdij)Aj
β 
  (equation 1) 
where Aj is the area (in m
2
) of the j
th
 neighbouring fragment and dij is the edge-to-edge 
distance (in m) between focal fragment i and neighbouring fragment j. α is a species-specific 
parameter describing species’ dispersal ability and β is a parameter describing the scaling of 
immigration. Since we applied the connectivity index to entire communities containing many 
taxa, both scaling parameters α and β were set to the commonly used value of 0.5 (e.g. 
Brückmann et al., 2010). Connectivity indices calculated with α = 0.5 or α = 1 were highly 
correlated (Spearman’s rho = 0.997, p = <0.001). We included all fragments of calcareous 
grassland that were located a radius of 1000 m around the focal fragment. If only part of a 
fragment was inside the 100 m buffer and it continued outside it, we included the whole 
fragment area, weighted by the shortest distance to the central fragment.  Roadsides and field 
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margins with plant species typical for calcareous grasslands (Krauss et al., 2003) were 
uncommon and were not taken into account. To ensure that fragments exhibited the 
characteristics of calcareous grasslands, we only included fragments that harboured more than 
five of the plant species that are characteristic for calcareous grasslands in the study area 
(Krauss et al., 2003). The values of the connectivity index ranged between 0 and 443 (mean = 
121) with larger values indicating higher levels of connectivity.  
The explanatory variables habitat connectivity and landscape complexity were weakly, 
but non-significantly correlated (following Dancey and Reidy (2004), Pearson correlation, r = 
-0.19, t = -1.05, d.f. = 28, P = 0.303, Fig. S2). 
 
Fig. 1. Illustration of the study design, showing calcareous grasslands with high (left) and low (right) levels of 
habitat connectivity and low (above) and high (below) levels of landscape complexity (measured as percentage 




At the beginning of June 2011, we recorded the vegetation (only vascular plants) in four 
botanical plots per fragment (1 × 5 m). The plots were well spread across the fragments, about 
10-15 m away from each other within a fragment (minimum distance 3 m); fragment edges 
were avoided.  
Leafhoppers (Hemiptera: Auchenorrhyncha), true bugs (Hemiptera: Heteroptera) and 
spiders (Arachnida) were sampled by suction sampling (modified SH 56 leaf blower, Stihl, 
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Waiblingen, Germany) on the botanical plots (20 suction pulses per plot, i.e. 80 pulses per 
fragment) in dry weather on three occasions in 2011 (early June, late July, early September). 
Transects were located on the botanical plots but exceeded them (length approximately 10 m). 
Spiders were sampled by both suction sampling and pitfall trapping (see below) to improve 
coverage of species sampled (Standen, 2000).  
Hoverflies (Diptera: Syrphidae) and bees (Hymenoptera: Apiformes) were surveyed 
with three pan traps per fragment during two three-day rounds (mid June, mid July). Each trap 
consisted of a yellow plastic cup (23 cm diameter, filled with salt water), treated with UV-
reflecting paint and mounted at vegetation height to maximize trapping efficiency (Stephen & 
Rao, 2005; Westphal et al., 2008). Traps were separated by at least 15 m from the next trap 
and from the fragment edge (Westphal et al., 2008), to minimize potential interactions 
between traps and edge effects. 
We sampled butterflies (Lepidoptera: Hesperiidae, Papilionidae and Zygaenidae) using 
standardized visual transect walks (Krauss et al., 2003). Fragments were visited four times 
(late May – early September) under suitable weather (temperature > 18 ° C, wind speed < 4 
Beaufort, < 50 % cloud cover, 10:00 – 17:30). Transects on each fragment were 180 m long 
and divided into three non-overlapping 60-m subtransects. Butterflies were sampled during 
four minutes per subtransect using a butterfly net within a 5-m wide band, identified and 
released immediately or collected for identification. 
We recorded grasshoppers (Orthoptera: Caelifera, Ensifera) during their peak density in 
late summer. Each fragment was sampled on two occasions (late July, late August) under dry 
and warm conditions (> 22 ° C, cloud cover < 50 %, 10:00 – 18:00). We applied a box-
quadrat procedure for sampling, using a foldable wooden construction (1 x 1 m) with gauze 
sides (70 cm high) that was repeatedly placed onto the vegetation. This method yields more 
consistent and unbiased abundance estimates than sweep netting (Gardiner et al., 2005; 
Gardiner & Hill, 2006). Grasshoppers were collected in five 1 × 1 m squares near each 
botanical plot, resulting in 40 1 × 1 m squares per fragment in total. Only adult specimens 
were determined to species level and incorporated into further analyses. 
Rove beetles (Coleoptera: Staphylinidae) and spiders were sampled twice with pitfall 
traps for seven days each, in early August and in late August/early September. We employed 
three pitfall traps per fragment (plastic cups filled with salt water & detergent, 12 cm 
diameter, plastic roof) with >15 m distance from each other and >15 m away from the 
fragment edge.  
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All specimens caught (except butterflies released after identification) were transferred 
into ethanol (70 % vol.) and identified to species level. Only adult specimens were determined 
and used for later analyses.  
For leafhoppers and true bugs, species feeding on woody host plants were excluded, 
except if host tree saplings were present in botanical plots. Species feeding on woody plants 
whose larvae fed on herbs or grasses were included in the analysis.  
For species with morphologically similar female specimens (e.g. Ribautodelphax, 
Anaceratagallia, Psammotettix) (Biedermann & Niedringhaus, 2004), species identity was 
inferred from male specimens; if this was not possible, identification stopped at genus level. If 
males of more than one species of a genus were present, the number of females was assumed 
to mirror that of males.  
 
Specification of traits 
All taxa were subdivided into habitat specialists and generalists, except for rove beetles for 
which no suitable literature was available. Plant habitat specialization was defined following 
Krauss et al. (2003). Arthropod habitat specialization was derived from (i) habitat 
requirements typical for calcareous grasslands (i.e. warm, dry habitat conditions; short, grazed 
swards; open soil) and (ii) diet preferences (i.e. host plants occurring exclusively on 
calcareous grasslands), based on published work and expert opinions (see References S1). 
Species were classified as habitat specialists if conditions (i) and/or (ii) were fulfilled, 
whereas it was classified as a generalist if neither (i), nor (ii) were fulfilled. 
Body sizes of species was defined as body length (from head to end of abdomen) taken 
from published literature (Supplementary References S1). For species with sexually 
dimorphic body sizes, we used the mean body size of both sexes. For butterflies, we used 
median forewing length as this was a better indicator of dispersal ability. Species larger than 
the taxon-specific median body size were considered large; all others were considered small. 
The Red List status was based on the most recent and regional Red List available (Remane et 
al., 1997; Melber, 1999; Garve, 2004; Binot-Hafke et al., 2011; Westrich et al., 2011).  
 
Statistical analyses 
Species richness and abundance of the nine taxa were summed over transects, vegetation plots 




We performed four types of analyses: (1) Analysis of species richness and abundance 
for every taxon separately and cumulated over all taxa. (2) Redundancy analysis for all taxa 
separately to assess changes in community composition. (3) A hierarchical analysis including 
all taxa simultaneously to determine general trends in species richness and abundance. (4) 
Two hierarchical analyses including all taxa simultaneously to determine if richness patterns 
are generally modified by relative body size and Red List status, respectively.  
 (1) Species richness and abundance were analysed for every taxon separately and 
cumulated over all taxa (additive species richness). Depending on the distribution of the 
response variables (assessed using R package fitdistrplus, URL: http://cran.r-
project.org/web/packages/fitdistrplus/index.html), we fitted either generalized linear models 
with negative binomial or Poisson errors (glm.nb or glm, R package MASS (Venables & 
Ripley, 2002)) or linear models (see Table S1), starting with the following explanatory 
variables: (1) habitat connectivity, measured as described in Equation 1, (2) the percentage of 
arable land in a 1000-m buffer around each fragment and (3) habitat management 
(abandonment, grazing or mowing), including an interaction between connectivity and arable 
land. The families and link functions used in generalized linear models were selected based on 
residual deviance. In addition, we divided residual deviance by residual degrees of freedom to 
assess overdispersion. Model selection was then done using an automated stepwise selection 
procedure based on AICc (function stepAICc based on function stepAIC (R package MASS 
(Venables & Ripley, 2002), but corrected for small sample sizes, see URL: 
http://wwwuser.gwdg.de/~cscherb1/stepAICc.txt). Multiple comparisons between 
management types were conducted using the glht function in R package multcomp (Hothorn 
et al., 2008). Models showed no spatial autocorrelation of the residuals (i.e. Moran's I was > 
0.05). 
(2) For the nine taxa, partial redundancy analyses (RDAs) with all three explanatory 
variables (management, connectivity and percentage of arable land) were performed with 
function rda from R package vegan (Oksanen et al., 2013). We performed four RDAs: one 
with each of the explanatory variables, with the two remaining ones as conditional variables, 
and an ordinary RDA including all three variables.  Interactions between explanatory 
variables were not tested. Prior to analysis, community data matrices were Hellinger-
transformed, weigting rare species lower (Legendre & Gallagher, 2001). A permutation test 
with 999 permutations with function permutest from R package vegan (Oksanen et al., 2013) 
was used to asses statistical significance. 
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(3) To identify general patterns of species richness across all taxa, we ran linear mixed 
models (Pinheiro et al., 2014) including all taxa simultaneously. In such a joint analysis, all 
taxa contribute equally to identify general responses, independent of overall species richness. 
This is in contrast to the analysis of cumulated species richness described above, which is 
strongly influenced by species-rich taxa. 
We standardized species richness per taxon by dividing it by the taxon’s mean species 
richness across all fragments. The resulting value reflects the relative increase in species 
richness, compared to the average species richness of the taxon, and can be compared 
between taxa. We fitted linear mixed-effects models to standardized species richness 
(function lme, R package nlme (Pinheiro et al., 2014)), using fragment as a random factor. 
Note that because taxon was the lowest level in the hierarchy, it was not included in the 
random-effects part of the model as this would have saturated the model with random effects. 
Taxon was included as a fixed factor into the maximal model. Heteroscedasticity was 
accounted for by an exponential variance function, where the variance was an exponential 
function of the fitted values (weights = varexp()). Models with and without variance function 
were fitted using restricted maximum likelihood; AICc values indicated that variance 
functions considerably improved model fit.  
In the fixed-effects part of the models, we started model selection with the same set of 
explanatory variables as for the taxon-specific models, but included interactions with taxon. 
Model selection was done using stepAICc for models fit by maximum likelihood. 
(4) Finally, we fitted two linear mixed effects models to test if explanatory variables 
affected species richness differently for small vs. large species of a taxon, and red-listed vs. 
unthreatened species of a taxon. Standardisation of species richness per taxon and model 
selection were performed as described above. In addition to management, connectivity and 
proportion of arable land, we included interactions of size class (large/small) or Red List 
status (red-listed/unthreatened) with all other explanatory variables and their interactions. 
Fragment was treated as a random factor. Taxon was included as a fixed and not as a random 
factor. We ran additional models including a spatial correlation structure of the form 
"correlation=corCompSymm(form=~X+Y)". However, these models showed similar 
parameter values to those without correlation structure. Further, models with spatial 
correlation had consistently higher AICc values than those without (deltaAICc > 2). 
For consistency, we opted to not include fragment area in any of our analyses, as some 





On the 30 calcareous grassland fragments we recorded 604 species (154 specialists, 360 
generalists) with 19696 arthropod individuals (8016 specialists, 11680 generalists) within the 
nine taxa. The most species-rich taxon was plants with 148 species, followed by spiders (83 
species), bees and true bugs (82 and 80 species, respectively). The least diverse taxon was 
grasshoppers with only 10 species (Table S2).  
In the analysis of abundance and species richness of all taxa combined and of each of 
the nine taxa individually we found that increasing the percentage of arable land always 
tended to negatively affect species richness (all nine taxa) and in most cases abundance (all 
arthropod taxa except hoverflies and rove beetles) (Table 1, Fig. S3, Table S4).  
Management significantly changed community composition of all taxa combined as 
well as for most taxa individually (except for grasshoppers, rove beetles and hoverflies, Fig. 
2, Table 2). In particular, the three management types harboured three distinct communities, 
both for habitat generalists and habitat specialists. Except for hoverflies, where the abundance 
of species with aphidophagous larvae was increased in landscapes with a high proportion of 
arable land, the surrounding landscape did not have an effect on community composition.  
Among the three management types, grazing tended to reduce both species richness and 
abundance across arthropod taxa (Fig 3a, Table 3). The only case where grazing had a 
positive effect compared to abandonment was for bee species richness and abundance. In 
some arthropod taxa (butterflies, true bugs, spiders, leafhoppers), species richness and/or 
abundance were increased by abandonment (Table 1, Fig. S3, Table S4). Plant species 
richness was not affected by management. 
Accumulated species richness was strongly reduced in simplified landscapes (-29 %, 
Table 1, Fig. S3). Similarly, standardized species richness per taxon decreased in simplified 
landscapes (Fig. 3b, Table 4). Furthermore, standardized species richness also generally 
increased with connectivity, but this effect depended on the taxon (Fig. 3c, Table 3). In 
contrast to all other taxa, species richness of hoverflies and leafhoppers slightly decreased 
with increasing connectivity (Fig. 3c). Furthermore, the connectivity effect was modified by 
body size: The number of large-bodied species within each taxon significantly increased with 
increasing connectivity, whereas the number of small-bodied species per taxon did not (Fig. 
4a, Table 4). Finally, grazing had a much stronger negative effect on red-listed species than 
on unthreatened species (Fig. 4b, Table 5). Interactions between management, proportion of 





Table 1. Generalized linear models showing effects of landscape context (% arable land), connectivity (Equation 
1) and management on the abundance and species richness of all species, specialists and generalists. For 
management, successive differences between treatment levels are shown (g: grazed, m: mown, a: abandoned). 
The table shows parameter estimates on the scale of the linear predictor. Note that differences between 
management types are Tukey’s pairwise comparisons (ignoring covariates) calculated using the glht function (R 
package multcomp (Hothorn et al., 2008)). Only variables included in the final models are shown. P-values < 






Estimate SEM z P Estimate SEM z P Estimate SEM z P
Intercept 6.49 0.06 110.00 <0.001 6.24 0.32 19.64 <0.001 5.73 0.08 73.66 <0.001
% Arable land  -0.02 0.01 -2.24 0.025
Connectivity 
Management g-a -0.35 0.11 -3.14 0.005
Management m-a -0.05 0.11 -0.49 0.878
Management m-g 0.29 0.11 2.65 0.022
Species richness
Estimate SEM z P Estimate SEM z P Estimate SEM z P
Intercept 5.15 0.07 68.75 <0.001 3.98 0.14 29.07 <0.001 4.59 0.08 55.56 <0.001



























































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2. Results of RDA analyses: influence of landscape composition (% arable land), connectivity and 
management type on the community composition of all species, specialists, generalists, bees, butterflies, 
grasshoppers, true bugs, plants, spiders, rove beetles, syrphid flies and leafhoppers. P-values < 0.05 are in bold 
characters.  
    partial RDA 
F P 
      partial RDA 
F P 
     % of variation        % of variation 
All taxa % Arable land 3.2 0.98 0.500   True bugs % Arable land 3.1 0.95 0.537 
  Connectivity 3.2 0.98 0.517     Connectivity 2.3 0.66 0.706 
  Management 11.6 1.77 0.001     Management 11.5 1.76 0.001 
  Total 18.4 1.41 0.001     Total 14.4 1.05 0.374 
                      
Generalists % Arable land 3.4 1.02 0.430   Plants % Arable land 3.1 0.93 0.560 
  Connectivity 3.1 0.93 0.609     Connectivity 4.0 1.21 0.215 
  Management 11.1 1.67 0.001     Management 9.0 1.34 0.048 
  Total 17.4 1.32 0.003     Total 16.6 1.25 0.050 
                      
Specialists % Arable land 2.6 0.81 0.792   Spiders % Arable land 2.3 0.67 0.937 
  Connectivity 3.5 1.09 0.307     Connectivity 2.5 0.75 0.870 
  Management 13.5 2.12 0.001     Management 11.9 1.77 0.001 
  Total 20.8 1.64 0.001     Total 16.4 1.23 0.049 
                      
Bees % Arable land 3.6 1.11 0.292   Rove beetles % Arable land 1.8 0.53 0.882 
  Connectivity 2.7 0.83 0.723     Connectivity 3.8 1.11 0.326 
  Management 11.4 1.74 0.007     Management 9.3 1.36 0.151 
  Total 17.7 1.34 0.019     Total 14.1 1.02 0.401 
                      
Butterflies % Arable land 3.4 1.05 0.362   Hoverflies % Arable land 6.0 1.79 0.012 
  Connectivity 3.8 1.19 0.234     Connectivity 2.6 0.78 0.786 
  Management 12.4 1.93 0.006     Management 7.7 1.15 0.236 
  Total 19.8 1.54 0.008     Total 16.6 1.24 0.089 
                      
Grasshoppers % Arable land 4.6 1.35 0.208   Leafhoppers % Arable land 2.6 0.85 0.637 
  Connectivity 2.3 0.66 0.746     Connectivity 3.0 0.95 0.540 
  Management 7.2 1.06 0.431     Management 15.5 2.49 0.001 
  Total 14.4 1.05 0.406     Total 22.5 1.81 0.002 
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Fig. 3. Overall response of standardized species richness per taxon in relation to a) the significant interaction of 
management and taxon (sta = rove beetles, but = butterflies, spi = spiders, het = true bugs, zik = leafhoppers, gra 
= grasshoppers, syr = hoverflies, pla = plants, bee = bees), b) the proportion of arable land and c) the significant 
interaction of connectivity and taxon. Shown is the predicted standardized species richness per taxon (y-axis) 
and 95 % CIs, based on the best linear mixed model. Standardized species richness is calculated as species 
richness divided by the mean species richness of that taxon across the study. For improved visualisation, average 





Fig. 4. Response of trait-specific species richness per taxon predicted by the best linear mixed model including 
all species. a) Response of large and small species to habitat connectivity, b) response of red-listed and 
unthreatened species to local management. Shown is the standardized species richness per taxon (y-axis). 
Standardized species richness is calculated as species richness divided by the mean species richness of that taxon 
for large or small species respectively in a), and divided by the mean species richness of that taxon for 
unthreatened and red-listed species respectively in b). For improved visualisation, average species richness per 





Table 3. Effects of landscape context (% arable land), connectivity and local management on overall 
standardized species richness per taxon. Shown is a sequential analysis of variance table for terms retained in the 
minimal adequate linear mixed-effects model. Only variables included in the final model are shown. Variables 





numDF denDF F P
Intercept 1 208 1467.64 <0.001
Connectivity 1 25 0.07 0.7917
Taxon 8 208 1.00 0.3679
Management 2 25 8.95 0.0012
Connectivity : Taxon 8 208 2.41 0.0163
Management : Taxon 16 208 2.96 0.0002
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Table 4. Effects of landscape context (% arable land), connectivity and local management on overall 
standardized species richness for large and small species per taxon. Sequential analysis of variance table (as in 
Table 3) for the terms in the minimal adequate linear mixed-effects model for the overall trend in species 
richness across taxa in large and small species. Only variables included in the final models are shown. Variables 





Table 5. Effects of landscape context (% arable land), connectivity and local management on overall 
standardized species richness for red-listed and unthreatened species per taxon. Sequential analysis of variance 
table (as Table 3) for the terms in the minimal adequate linear mixed-effects model for the overall trend in 
species richness across taxa in red-listed and unthreatened species. Only variables included in the final models 




numDF denDF F P
Intercept 1 434 1.52 <0.001
% Arable land 1 25 11.00 0.003
Connectivity 1 25 2.00 0.217
Size 1 434 0.00 1.000
Taxon 7 434 0.00 1.000
Management 2 25 6.00 0.008
Connectivity : Size 1 434 6.00 0.014
Connectivity : Taxon 7 434 2.00 0.016
numDF denDF F P
Intercept 1 447 348.39 < 0.001
% Arable land 1 26 2.29 0.142
Connectivity 1 447 0.00 1.000
Management 2 26 4.67 0.019




Our sampling approach combined with our joint analysis allowed us to disentangle the effects 
of local management, habitat connectivity and landscape complexity on a broad array of taxa. 
As hypothesized, high proportions of arable land reduced species richness for all taxa 
combined, whereas habitat connectivity increased overall species richness. Similar patterns 
were found at the taxon level. Local management strongly influenced community composition 
in most taxa. Grazing generally reduced species richness and abundance more than mowing or 
abandonment and affected red-listed species in particular. As expected, the effect of habitat 
connectivity was modified by body size. Within each taxon, increasing habitat connectivity 
increased species richness more in large than in small-bodied species.  
 
Landscape complexity 
Landscape simplification had a surprisingly consistent, negative influence on species richness 
across taxa. Simple landscapes dominated by agriculture are often characterized by low 
matrix quality, offering less alternative habitat, since many species require resources outside 
fragment borders (Öckinger et al., 2012). In addition, dispersing individuals may experience a 
lack of resources (Rösch et al., 2013) and an inhospitable matrix (e.g. Nowicki et al., 2014, 
Baum et al., 2004). Similar to our study, Prugh et al. (2008) emphasized the central 
importance of matrix effects for patch occupancy in a broad variety of species.  
Local communities are subsets of the landscape wide species pool (Tscharntke et al., 
2012). Since agriculturally dominated landscapes often show depauperate species pools 
(Steffan-Dewenter et al., 2002; Tscharntke et al., 2005; Ekroos et al., 2010), habitat fragments 
embedded in such landscapes will only gain few additional species through disperal. In 
contrast, complex landscapes harbour a more diverse species pool and can therefore be 
assumed to subsidize local species richness to a greater extent. Small fragments as studied by 
us may also experience greater edge effects and higher spillover from adjacent arable land 
(Rand et al., 2006).   
Bee and butterfly abundance both decreased by approximately two thirds in highly 
simplified landscapes (Fig. S1). Effects of reduced pollinator availability in simple landscapes 
could include reduced pollination efficiency in insect-pollinated plants, threatening their 
persistence on grassland fragments (Meyer et al., 2007; Clough et al., 2014). In contrast to all 
other taxa, hoverfly abundance (but not species richness) increased in agriculturally 
dominated landscapes. This likely resulted from increased densities of the hyperabundant 
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species Syrphus vitripennis (869 vs, 400 specimens on fragments in simple vs. complex 
landscapes), whose aphidophagous larvae feed on cereal aphids (Speight et al., 2008).  
 
Habitat connectivity 
Despite variation between taxa, increasing habitat connectivity generally boosted species 
richness, and this effect was most accentuated for butterflies, grasshoppers and rove beetles. 
This is in line with a previous meta-analysis (Öckinger et al., 2010), which showed a positive 
effect of connectivity on insect species richness across studies. As predicted by 
metapopulation theory, connected fragments can be reached by dispersing individuals more 
easily than isolated ones, recolonising them after extinction events (Hanski, 1998). 
Interestingly, we found that relative body size consistently modified the positive connectivity 
effect: The species richness of large species within each taxon increased with increasing 
connectivity, while species richness of small species did not. Large-bodied species tend to 
have stronger dispersal capacities and can thereby benefit from connectivity (Sekar, 2012), 
whereas smaller-bodied species appeared unable to bridge the given connectivity level in our 
landscapes. Apparently, the isolated small fragments of calcareous grassland were already too 
distant from each other for the majority of the small species, which can be assumed to be less 
dispersive. However, body size may not always be directly linked with dispersal ability: For 
example, several species of grasshoppers, leafhoppers and true bugs display a wing 
dimorphism or are short-winged, which impairs their flight ability and thereby their capability 
of bridging gaps between habitats (Biedermann & Niedringhaus, 2004; Wachmann et al., 
2004, 2006, 2007, 2008; Baur et al., 2006). Further, large spiders disperse better by walking, 
but some small spiders can disperse aerially by ballooning (Crawford et al., 1995). This 
dichotomy explains well why connected patches were more easily reached by larger spiders, 
while small spiders were unaffected by connectivity (Oberg et al., 2008), as these could 
equally well transverse the matrix by ballooning (Weyman, 1993).  
 
Effects of management 
Our results suggest that local management strongly modifies species richness, abundance and 
community composition. While vertebrate herbivory is often selective and long-term, mowing 
is a rather sudden event that unselectively removes a large part of the food resources available 
(Humbert et al., 2009). For most taxa, we found high species richness and abundances in 
mown patches. This supports previous research that showed that calcareous grasslands require 
management for long-term persistence (Poschlod & WallisDeVries, 2002). In contrast, the 
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positive effect of short term abandonment was unexpected (but see Pöyry et al., 2006). Short-
term abandonment (5-15 years) can be beneficial for species richness since it increases local 
habitat heterogeneity and leads to the development of different successional plant 
communities with associated arthropod communities (WallisDeVries et al., 2002). In contrast, 
long-term abandonment (>15 years) may lead to a gradual decrease in species richness due to 
increasing dominance of grass species (e.g. Brachypodium, Bromus), gradually replacing 
other plant species. The next stage is shrub encroachment by woody species like Prunus 
spinosa and Crataegus monogyna, ultimately leading to a loss of the characteristic open 
structure favouring thermophilic organisms (Butaye et al., 2005; Piqueray & Mahy, 2010).  
The traditional management paradigm of yearly grazing has been shown to efficiently 
keep calcareous grasslands open and support typical plant species, which in turn host 
specialist arthropod species (Pöyry et al., 2009; Westrich et al., 2011; Littlewood et al., 2012). 
Grazing also generates and maintains areas of open soil that are important e.g. as nesting sites 
for bees (Westrich, 1989) and for the establishment of plant seedlings (Kahmen et al., 2002). 
These areas of open soil help to increase the temperatures near the ground level, generating 
microclimatic conditions preferred by thermophilic species (e.g. Krämer et al., 2012). 
Furthermore, sheep-mediated propagule dispersal guarantees genetic connectivity of plant 
populations, important for long-term persistence of isolated populations (Wagner et al., 2013; 
Rico et al., 2014).  
Surprisingly, our results starkly contrast with this paradigm: Grazing the way it is conducted 
at present seems to be the least appropriate management strategy for small fragments of 
calcareous grassland. Intensive and prolonged grazing by heavy livestock such as cattle or 
horses causes a drastic and continuous removal of food resources for herbivorous insects 
through consumption of plants and trampling. This either directly affects herbivores like 
leafhoppers or butterflies, or indirectly affects predatory arthropods like spiders, which suffer 
from decreases in prey abundance and a loss of structural heterogeneity of the vegetation (e.g. 
Szinetár & Samu, 2012). Our results are particularly alarming, since we found that red-listed 
species, the focus of conservation management, were affected most strongly. These species 
can be assumed to be most vulnerable due to very specific habitat requirements (Davies et al., 
2004). They are thus likely to be the first to be negatively affected by unsuitable management 
like grazing over a too long time period or with to high stocking rates.  Some previous studies 
have reported negative effects of grazing intensity, in particular on herbivorous insects (e.g. 
Kruess & Tscharntke, 2002; Pöyry et al., 2006; Kőrösi et al., 2012). In line with our results, 
these studies suggested that insect herbivores benefit from local breaks of one or a few years 
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in grazing management, or from landscape-scale variation in grazing intensity (Öckinger et 
al., 2006; Pöyry et al., 2006; Konvicka et al., 2007). 
The decreasing number of sheep flocks combined with the necessity of keeping 
calcareous grasslands open, leads to increasing reliance on unsuitable livestock. However, our 
study shows that this management alternative entails a high uncertainty concerning the 
persistence of endangered communities.  
 
Conclusions 
Taxa as different as the ones studied here strongly differ in their ecological requirements and 
life history traits. Given this striking plurality, it is remarkable that our joint analysis revealed 
generalisable responses across taxa. Cross-taxon biodiversity was strongly affected both by 
landscape simplification and by connectivity. Large-bodied and more dispersive species 
benefited from connectivity. Intensive grazing led to reduced species richness, with a 
particularly severe reduction in red-listed species. Given these results, grazing in the way it is 
currently practised, seems to be the least favourable management option.  
An intermediate management strategy, alternating between mowing or lenient grazing 
(preferably late in the season) and short-term abandonment, combined with complex 
landscapes surrounding each fragment and low levels of habitat isolation, would benefit plant 
and arthropod species richness on small fragments of calcareous grassland most. We conclude 
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Fig. S1. Fragment size distribution in the study area. 
 
 




Map S1. Location of the 30 small fragments of calcareous grassland. Grazed grasslands are marked in green, 





Table S1. Models used for the analysis of abundance and species richness (SpR) of the nine taxa (glm.nb: 
generalized linear model with negative binomial errors, glm (Poisson): generalized linear model with Poisson 
errors, lm: linear model). 
 
 Abundance SpR 
All taxa glm.nb glm.nb 
Specialists glm.nb glm.nb 
Generalists glm.nb glm.nb 
Plants — glm.nb 
Bees glm.nb glm (Poisson) 
Butterflies glm.nb lm 
Grasshoppers glm.nb lm 
True bugs glm.nb glm (Poisson) 
Spiders glm.nb glm (Poisson) 
Hoverflies glm.nb lm 
Rove beetles glm.nb glm.nb 
Leafhoppers glm.nb glm (Poisson) 
 
 
Table S2. Overall species richness (SpR), overall abundances and mean ± SEM of abundances and species 
richness of all nine taxa on the 30 fragments of calcareous grassland. 
 
Overall SpR per Overall Abundance 
SpR fragment abundance per fragment
Plants 148 41.9 ± 2.1  -  - 
      Specialists 61 22.5 ± 1.2  -  - 
      Generalists 87 19.4 ± 1.2  -  - 
Bees 82 17.5 ± 0.9 4318 143.9 ± 27.2
      Specialists 12 2.1 ± 0.2 2342 78.1 ± 25.4
      Generalists 69 15.4 ± 0.8 1975 65.8 ± 4.8
Butterflies 47 14.2 ± 1.0 2553 85.1 ± 9.5
      Specialists 16 3.4 ± 0.5 960 32.0 ± 6.7
      Generalists 31 10.7 ± 0.7 1593 53.1 ± 5.3
Grasshoppers 10 3.8 ± 0.2 891 29.7 ± 4.5
      Specialists 3 0.9 ± 0.2 136 4.5 ± 1.6
      Generalists 7 2.9 ± 0.2 755 25.2 ± 3.8
True bugs 80 11.8 ± 0.7 1167 38.9 ± 4.4
      Specialists 20 3.4 ± 0.3 397 13.2 ± 2.6
      Generalists 60 8.4 ± 0.5 770 25.7 ± 3.2
Spiders 83 15.7 ± 0.7 1030 34.3 ± 2.2
      Specialists 16 3.0 ± 0.2 147 4.9 ± 0.5
      Generalists 67 12.7 ± 0.6 883 29.4 ± 2.1
Hoverflies 46 12.2 ± 0.5 2528 84.3 ± 9.9
Rove beetles 43 4.4 ± 0.5 1008 33.6 ± 7.8
Leafhoppers 65 16.4 ± 0.8 6202 206.7 ± 31.8
      Specialists 26 7.8 ± 0.5 4034 134.5 ± 20.5
      Generalists 39 8.6 ± 0.7 2168 72.3 ± 16.2  
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Table S3. Code number, site name, management, percentage of arable land in a 1000 m radius around each site, 
fragment area [m
2
] and values of a connectivity index (Hanski et al., 2000) of the 30 fragments of calcareous 
grassland. 
 
Code   Site name Management % Arable land Connectivity Area [m²] 
7   Volkerode abandoned 53.6 107.7 1306 
21   Bratental 8 abandoned 34.4 442.7 5143 
46   Diemarden 1 abandoned 57.1 150.3 1269 
88   Weende abandoned 45.9 0.0 4520 
90   Dahlenrode 1 abandoned 42.8 77.8 2548 
116   Orxhausen abandoned 34.1 21.0 1000 
138   Wellersen 1 abandoned 55.3 23.5 2527 
151   Langenholtensen 1 abandoned 46.5 66.4 5560 
170   Elkershausen1 abandoned 72.0 0.0 2499 
177   Ossenfeld ost abandoned 42.2 37.7 2707 
3   Nikolausberg 1 grazed (goats) 22.0 318.8 4444 
20   Bratenta l 4 grazed (horses) 41.9 418.9 2324 
58   Dransfeld 4 grazed (highland cattle) 77.5 38.7 1325 
111   Bratental 1 grazed (highland cattle) 39.8 271.2 1556 
139   Denkershausen grazed (cows) 36.2 0.0 1645 
143   Oldenrode 1 grazed (sheep) 49.3 32.5 6875 
146   Nienhagen 5 grazed (sheep) 53.7 147.7 2236 
187   Scheden 2 grazed (ponies) 42.7 414.2 6843 
202   Herberhausen grazed (highland cattle) 35.5 73.8 4790 
203   Hedemünden 10 grazed (ponies) 29.5 58.9 5613 
1   Tiefetal mown 25.7 43.9 3372 
2   Emmenhausen 1 mown 42.9 18.7 4017 
11   Roringen 1 mown 18.9 0.0 2114 
63   Varmissen 1 mown 61.3 0.0 4385 
71   Friedland 1 mown 47.1 305.2 835 
125   Andershausen 2 mown 52.9 0.0 1663 
172   Hedemünden 1 mown 8.9 151.8 2324 
178   Reinhausen 3 mown 49.8 141.1 3138 
192   Langenholtensen 2 mown 42.6 94.2 2476 
































































































































































Table S4. Generalized linear models and linear models on the effects of landscape context (% arable land), 
connectivity (a connectivity index described by Hanski et al. (2000)) and management on the abundance and 
species richness of all nine taxa. For management, successive differences between treatment levels are shown (g: 
grazed, m: mown, a: abandoned). The table shows parameter estimates on the scale of the linear predictor. Note 
that differences between management types are Tukey’s pairwise comparisons (ignoring covariates) calculated 
using the glht function (R package multcomp (Hothorn et al., 2008)). Only variables included in the final models 
are shown. P-values < 0.05 are depicted in bold characters.  
Abundance                             
  Plants   Bees   Butterflies 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept           4.74 0.41 11.49 <0.001   5.23 0.35 14.81 <0.001 
% Arable land             -0.01 0.01 -1.78 0.075   -0.02 0.01 -2.76 0.006 
Connectivity                              
Management g-a           1.18 0.27 4.42 <0.001   -0.42 0.23 -1.83 0.159 
Management m-a           0.84 0.27 3.11 0.005   0.26 0.23 1.12 0.504 
Management m-g           -0.34 0.26 -1.29 0.399   0.68 0.23 3.00 0.008 
  Grasshoppers   True bugs   Spiders 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept 3.39 0.1537 22.06 <0.001   3.79 0.15 24.51 <0.001   3.7329 0.09657 38.656 <0.001 
% Arable land                               
Connectivity                              
Management g-a           -0.74 0.22 -3.31 0.003   -0.46 0.14 -3.25 0.003 
Management m-a           0.16 0.22 0.72 0.751   -0.18 0.14 -1.33 0.381 
Management m-g           0.90 0.22 4.03 <0.001   0.28 0.14 1.93 0.131 
  Rove beetles   Hoverflies   Leafhoppers 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept 3.10 0.25 12.27 <0.001   3.68 0.27 13.42 <0.001   5.84 0.18 32.75 <0.001 
% Arable land             0.02 0.01 2.78 0.005           
Connectivity  0.003 0.001 1.96 0.050                     
Management g-a                     -1.19 0.25 -4.70 <0.001 
Management m-a                     -0.68 0.25 -2.70 0.019 
Management m-g                     0.51 0.25 2.00 0.112 
Species richness 
 
                          
  Plants   Bees   Butterflies 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept 4.00 0.15 26.8 <0.001   2.94 0.17 17.50 <0.001   2.54 0.11 23.58 <0.001 
% Arable land   -0.01 0.003 -1.871 0.061   -0.01 0.003 -1.84 0.066           
Connectivity                      0.001 <0.001 2.59 0.016 
Management g-a           0.31 0.11 2.81 0.014   -0.45 0.15 -3.08 0.013 
Management m-a           0.17 0.11 1.51 0.287   0.14 0.14 1.02 0.570 
Management m-g           -0.14 0.10 -1.34 0.373   0.59 0.15 4.07 0.001 
  Grasshoppers   True bugs   Spiders 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept 1.65 0.20 8.43 <0.001   2.53 0.09 28.24 <0.001   2.86 0.08 37.68 <0.001 
% Arable land   -0.01 0.004 -2.02 0.053                     
Connectivity                              
Management g-a           -0.31 0.14 -2.23 0.066   -0.31 0.12 -2.64 0.023 
Management m-a           0.08 0.12 0.68 0.774   -0.02 0.11 -0.22 0.975 
Management m-g           0.39 0.13 2.90 0.011   0.28 0.12 2.43 0.041 
  Rove beetles   Hoverflies   Leafhoppers 
  Estimate SEM z  P   Estimate SEM z  P   Estimate SEM z  P 
Intercept 1.49 0.12 12.54 <0.001   2.47 0.05 53.15 <0.001   2.93 0.07 40.23 <0.001 
% Arable land                               
Connectivity                              
Management g-a                     -0.35 0.11 -3.06 0.006 
Management m-a                     -0.10 0.11 -0.95 0.608 
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Land-use change, habitat loss and fragmentation are among the main drivers of the decline of 
biodiversity worldwide. In Central Europe, calcareous grasslands belong to the most species-
rich habitats. They harbour a great diversity of xero- and thermophilic plant and invertebrate 
species but are increasingly under threat from agricultural intensification and abandonment. 
They depend on grazing or mowing, but today, these traditional land use practices have 
become unprofitable for farmers. Therefore, increasingly smaller fragments are embedded 
within a matrix that is often unsuitable for most of the plant and invertebrate species 
specialised on calcareous grasslands. 
The first part of this thesis analyses the effects of fragment size, connectivity, the 
composition of the surrounding landscape and plant species richness on leafhopper 
community structure. Leafhoppers are a highly diverse group of phytophagous insects with a 
close connection to vegetation structure and composition. We selected 14 large (>1 ha) and 14 
small (<1 ha) fragments of calcareous grassland in the surroundings of Göttingen along 
gradients of increasing connectivity to other calcareous grasslands, increasing plant species 
richness and in the increasing complexity of the surrounding landscape, i.e. the percentage of 
arable land within a 500 m radius.  
Increasing habitat isolation reduced leafhopper species richness in simple (dominated 
by arable crops), but not in complex landscapes. This effect was driven by generalist species. 
Moreover, generalist species richness increased with increasing connectivity on small 
fragments, whereas it remained stable on large fragments. Finally, generalist species richness 
increased more steeply with increasing plant species richness on connected than on isolated 
fragments, suggesting that more colonisers reach connected fragments and can subsequently 
use the available plant resources. Our results show that insect biodiversity on fragmented 
calcareous grasslands not only depends on habitat connectivity but that it is interactively 
affected by habitat connectivity, landscape composition, habitat area and plant species 
richness. Isolated fragments that are either small or located in simple landscapes are less 
likely to receive immigrants after extinction events, potentially leading to a gradual reduction 
in species richness over time. 
In the second part of this thesis we aim to contribute to the resolution of the so-called 
SLOSS debate (“Single Large Or Several Small”), which considers whether it is better to 
conserve single large or several small fragments of a habitat. Small fragments are expected to 
cover greater habitat heterogeneity due to a larger geographical distance and thereby greater 
total species richness, whereas large fragments offer more stable habitat conditions and bigger 
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population sizes. In this study, in addition to plants and leafhoppers, we also collected data on 
true bugs and snails. Species richness of all four taxa as well as the richness of habitat 
specialists was substantially higher on several small fragments than on one or two large 
fragments of equal total size. However, community composition of large and small fragments 
differed and some of the rarest specialist species were confined to large fragments. The 
complexity of the landscape surrounding the fragments did not play an important role for 
species richness and community composition. These results question the focus on either small 
or large fragments and imply that both large and small habitat fragments are needed for 
successful biodiversity conservation. 
In the third part of the thesis, we explore the effects of grassland management 
(grazing, mowing and abandonment), connectivity and landscape composition on species 
richness, abundance, community composition and trait-based responses (body size and Red 
List status) of nine taxa: plants, butterflies, bees, grasshoppers, hoverflies, spiders, true bugs, 
rove beetles and leafhoppers. We selected 30 small fragments (<1 ha) of calcareous grassland 
along orthogonal gradients of habitat connectivity and landscape complexity.  
We found a negative effect of an increasing percentage of arable land in the 
surroundings of the fragments, which led to a 29 % loss of overall species richness. We 
presume that landscapes dominated by arable land offer less alternative habitat and resources 
for foraging or during migration, resulting in lower species richness. Habitat connectivity 
generally enhanced species richness across all taxa. This was more accentuated in the large 
species per taxon, which can be expected to be good dispersers. Finally, grazing reduced 
species richness and abundance much more than mowing (once a year) or short-term 
abandonment (for 5-15 years), in particular of red-listed species, presumably due to the 
greater damage caused, reducing food resources for phytophagous insects. Furthermore, each 
of the three management types resulted in a different community composition of all taxa. 
Therefore, the preferential management strategy for small fragments of calcareous grassland 
should be an alternation between mowing and short-term abandonment combined with a 
diversification of the surrounding landscape. 
Overall, we conclude that the widespread concentration on large habitat fragments 
should be reconsidered, leading to the conservation of both large and small habitat fragments. 
When planning conservation measures for fragmented grassland habitats, a focus on local 
factors like fragment size and management is important but insufficient: landscape factors 
including habitat connectivity and landscape complexity need to be taken into account to 




Landnutzungsänderungen, Habitatverlust und Fragmentierung gehören zu den Hauptursachen 
des weltweiten Biodiversitätsrückgangs. In Mitteleuropa zählen Kalkmagerrasen zu den 
artenreichsten Lebensräumen. Sie weisen eine hohe Vielfalt an xero- und thermophilen 
Pflanzen- und Invertebratenarten auf, sind jedoch zunehmend durch landwirtschaftliche 
Intensivierung und Nutzungsaufgabe gefährdet. Sie sind auf Beweidung und Mahd 
angewiesen, was jedoch für die Landwirte heutzutage unwirtschaftlich geworden ist. Daher 
finden sich zunehmend kleine Fragmente innerhalb einer für die meisten der spezialisierten 
Magerrasenarten ungeeigneten, von intensiver Landwirtschaft geprägten Umgebung. 
Der erste Teil dieser Arbeit untersucht den Einfluss der Fragmentgröße, der 
Habitatkonnektivität, der Zusammensetzung der umgebenden Landschaft und der 
Pflanzenartenzahl auf die Zusammensetzung der Zikadengemeinschaft. Zikaden sind eine 
überaus artenreiche Gruppe phytophager Insekten mit enger Bindung an die 
Vegetationsstruktur und -zusammensetzung. In der Umgebung von Göttingen wählten wir 14 
große (>1 ha) und 14 kleine (<1 ha) Kalkmagerrasenflächen entlang von Gradienten 
zunehmender Konnektivität mit anderen Magerrasenflächen, zunehmender Pflanzenartenzahl 
und zunehmender Landschaftskomplexität, d.h. dem Prozentsatz Ackerfläche innerhalb eines 
500 m-Radius, aus.  
Zunehmende Isolation verringerte die Zikadenartenzahl in einfachen (von Feldern 
geprägten), jedoch nicht in komplexen Landschaften. Dieser Effekt wurde von den 
Generalisten getrieben. Die Artenzahl der Generalisten nahm auf kleinen Fragmenten mit 
zunehmender Konnektivität zu, wogegen sie auf großen Flächen unverändert blieb. Weiterhin 
nahm die Artenzahl der Generalisten mit steigender Pflanzenartenzahl auf vernetzten 
Magerrasen stärker zu als auf unvernetzten. Unsere Ergebnisse zeigen, dass die 
Insektenartenvielfalt auf Kalkmagerrasenfragmenten nicht nur durch Konnektivität allein 
geprägt wird, sondern vielmehr von einem Zusammenspiel aus Konnektivität, 
Landschaftszusammensetzung und Pflanzenartenzahl bestimmt wird. 
Im zweiten Teil dieser Arbeit verfolgen wir das Ziel, zur Lösung der sogenannten 
SLOSS-Debatte (“Single Large Or Several Small”) beizutragen, in der diskutiert wird, ob es 
besser ist, wenige große oder mehrere kleine Fragmente eines Habitattyps zu erhalten. Man 
nimmt an, dass kleine Fragmente aufgrund der größeren abgedeckten geographischen 
Distanzen eine größere Heterogenität und dadurch eine höhere Gesamtartenzahl aufweisen. 
Dagegen weisen große Fragmente stabilere Lebensraumbedingungen und größere 
Populationen auf. Neben Zikaden und Pflanzen wurden auch Daten zu Wanzen und 
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Schnecken aufgenommen. Sowohl die Gesamtartenzahl aller vier Taxa als auch die Zahl der 
Spezialisten war auf mehreren kleinen Fragmenten wesentlich höher als auf einem oder zwei 
großen Fragmenten gleicher Gesamtgröße. Jedoch war die Artenzusammensetzung auf großen 
und kleinen Fragmenten unterschiedlich und einige der seltensten Spezialisten waren an große 
Flächen gebunden. Hingegen spielte die Zusammensetzung der umgebenden Landschaft keine 
wichtige Rolle für Artenzahl und -zusammensetzung. Diese Ergebnisse stellen den Fokus auf 
entweder große oder kleine Habitatfragmente infrage. Für einen erfolgreichen 
Biodiversitätserhalt ist daher der Schutz sowohl großer als auch kleiner Habitatfragmente 
zwingend notwendig. 
Im dritten Teil dieser Arbeit untersuchen wir den Einfluss der Bewirtschaftungsart 
(Beweidung, Mahd, Nutzungsaufgabe), der Landschaftszusammensetzung und Konnektivität 
auf die Artenzahl, Artenzusammensetzung und merkmalsbasierte Reaktionen (Körpergröße 
und Rote Liste-Status) von neun Taxa: Pflanzen, Schmetterlinge, Bienen, Heuschrecken, 
Schwebfliegen, Spinnen, Wanzen, Kurzflügler und Zikaden. Wir wählten 30 kleine 
Kalkmagerrasenfragmente (<1 ha) entlang von unabhängigen Konnektivitäts- und 
Landschaftskomplexitätsgradienten aus. 
Ein zunehmender Prozentsatz an Ackerfläche in der Umgebung der Fragmente führte zu 
einem Verlust von 29 % der Gesamtartenzahl. Wir nehmen an, dass Landschaften, die von 
Ackerfläche dominiert werden, weniger Alternativhabitat und Nahrungsressourcen bieten, 
was zu einer verringerten Artenzahl führt. Habitatkonnektivität erhöhte im Allgemeinen die 
Artenzahl. Dieser Effekt war bei den großen, vermutlich ausbreitungsfähigeren Arten eines 
Taxons stärker ausgeprägt als bei den kleinen Arten. Beweidung hatte einen deutlich 
negativeren Einfluss auf die Artenzahl als Mahd (einmal jährlich) oder kurzzeitige 
Nutzungsaufgabe (5-15 Jahre). Der Grund dafür könnte der durch Beweidung verursachte 
größere Schaden und die Entnahme der Nahrungsressourcen phytophager Insekten sein. 
Zudem führte jeder der drei Bewirtschaftungsweisen zu einer unterschiedlichen 
Artenzusammensetzung aller Taxa. Daher sollte die bevorzugte Bewirtschaftungsoption 
kleiner Kalkmagerrasenfragmente ein Wechsel zwischen Mahd und kurzzeitiger 
Nutzungsaufgabe in Kombination mit einer Diversifizierung der umgebenden Landschaft 
sein. 
Zusammenfassend lässt sich sagen, dass die allgemein verbreitete Konzentration auf 
große Habitatfragmente überdacht werden sollte, da der Schutz sowohl kleiner als auch großer 
Fragmente unerlässlich ist. Bei der Planung von Schutzmaßnahmen für fragmentierte 
Offenlandlebensräume sind lokale Einflüsse wie Fragmentgröße und Bewirtschaftung zwar 
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wichtig, aber nicht ausreichend: Landschaftsfaktoren wie Habitatkonnektivität und 
Landschaftszusammensetzung müssen ebenfalls in die Schutzbemühungen mit einbezogen 
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